Introduction {#s0005}
============

According to the most recent, fourth edition of the World Health Organization (WHO) classification of urogenital tumors, kidney tumors can be classified into different subtypes on the basis of cell of origin. Over 85% of the malignant renal tumors are renal cell carcinomas (RCCs). The other 15% include nephroblastic, mesenchymal and metanephric tumors ([Table 1](#t0005){ref-type="table"}).Table 1Types of available preclinical models resembling histology of human renal tumors according to WHO 2016 classificationTable 1Tumor type according to WHO 2016 ClassificationAvailable preclinical modelsSyngeneicGEMsChemically-induced modelsCDXPDX[a](#tf0005){ref-type="table-fn"}**Renal cell tumors**Clear cell renal cell carcinomaXXXXMultilocular cystic renal neoplasm of low malignant potentialPapillary renal cell carcinomaXXXHereditary leiomyomatosis and renal cell carcinoma associated renal cell carcinomaXXXChromophobe renal cell carcinomaXXXCollecting duct carcinomaXXRenal medullary carcinomaMiT family translocation renal cell carcinomasXSuccinate dehydrogenase deficient renal cell carcinomaMucinous tubular and spindle cell carcinomaTubulocystic renal cell carcinomaAcquired cystic disease-associated renal cell carcinomaClear cell papillary renal cell carcinomaRenal cell carcinoma, unclassifiedXXXXXPapillary adenomaXOncocytomaX  **Metanephric tumors**Metanephric adenomaXMetanephric adenofibromaMetanephric stromal tumor**Mesenchymal tumors**X  **Mixed epithelial and stromal tumor family**Adult cystic nephromaMixed epithelial and stroma tumorX  **Nephroblastic tumors**NephroblastomaXXXNephrogenic rests and nephroblastomatosisCystic nephroma and cystic partially differentiated nephroblastoma**Mesoblastic nephroma**X**Clear cell sarcoma**X**Rhabdoid tumor of kidney**XX  **Renal epithelial tumors of childhood**Papillary renal cell carcinomaXXXRenal medullary carcinomaTranslocation associated RCC (Xp11.2 / t(6;11)) translocationsX  **Rare tumors**Ossifying renal tumor of infancy[^1][^2]

As RCC is the most common kidney cancer subtype it will be the focus of this article. RCC constitutes approximately 3% of all malignancies in humans with the lifetime risk of 1.3% and 1.8% [@bb0005]. Clear cell RCC (ccRCC) is the most common RCC subtype, accounting for approximately 75% of cases, followed by papillary (pRCC) and chromophobe (chRCC) types. Globally around 20-30% of patients are diagnosed in the metastatic stage, whereas the majority of the remaining patients develop distant metastases in the later course of the disease within next 5 to 10 years [@bb0010] resulting in unsatisfactory survival rates. In fact, median overall survival of patients with metastatic RCC treated with sunitinib is approximately 20 months [@bb0015]. However, patient survival has improved significantly in recent years due to development of new targeted therapies, including sunitinib, sorafenib, everolimus, cabozantinib, as well as immunotherapy with immune checkpoint inhibitors and sequence use of these agents. Nevertheless, treatment efficacy is still unsatisfactory and new therapeutic strategies are urgently needed. Before a new compound reaches the first phase of clinical trials it must be tested *in vitro* and validated in preclinical setting using cell lines and animal models.

Currently there are over 60 RCC cell lines established in various laboratories with over 20 deposited in commercial cell banks and used worldwide [@bb0020]. Moreover, it is relatively easy to establish primary cultures and new cell lines from fresh or frozen specimens obtained by nephrectomy or nephron sparing surgery [@bb0025]. The advantages of cell line usage in biomedical research are the large number of available cell lines, ease of manipulation, and the possibility to compare results obtained in different laboratories in experiments performed with the same cell line -- cross-validation of results. On the other hand, cells in regular 2D culture are deprived of interaction with the tumor microenvironment and other cell types [@bb0030]. Cell culture based experiments do not allow to study successive stages of carcinogenesis or metastatic spread. Novel techniques, such as 3D cultures or organoids, have slightly reduced the disadvantages of cell line based research but for the moment even advanced culture techniques are unable to completely eliminate the need for animal research [@bb0035] needed for of tumorigenesis mechanism studies and drug discovery [@bb0040].

Four types of animal models are widely accepted in cancer research: syngeneic models, genetically engineered mouse models (GEM), chemically-induced models and xenograft models. Xenografts can be further divided based on the source of the tumor -- xenografts with conventional cell lines (cell line-derived xenografts, CDX) or with use of specimens obtained from patients with RCC (patient derived xenografts, PDX). Despite many advantages, each model has several limitations its utility in different areas of cancer research ([Figure 1](#f0005){ref-type="fig"}). Most of the available models enable new drug testing, however, only some syngeneic, CDX and GEM are suitable for research on mechanisms involved in distant metastases development. Moreover, not all models are suitable for studies on tumor microenvironment or the role of the immune system.Figure 1Diagram allowing selection of the most appropriate model depending on the type of research. Models have been divided into 1^st^ choice models, that in the view of the authors are the most suitable, and 2^nd^ choice models that can be considered but have more limitations or are supported by weaker evidence. ^1^- more details in [Table 7](#t0035){ref-type="table"} describing selection of animal models depending on type of studied drug.Figure 1

To achieve significant progress in the treatment of cancer patients, comprehensive understanding of tumor pathology is essential, and it cannot be achieved without the use of appropriate animal models of the disease. As mentioned above, WHO classified human renal tumors into over 30 different types that differ by cells of origin, genetic alterations and prognosis. Such a large variety of subtypes is a great challenge that cancer researchers have to face every day. First of all despite large variety of available cell lines, GEM and syngeneic models, most of the kidney tumor subtypes are not represented in animals yet. Many syngeneic models in mice or rats are of poorly differentiated histotype and do not correspond directly to any human cancer or sarcoma. Some similarities to rare kidney tumors, such as mesenchymal tumors, mesenchymal nephroma or clear cell tumors, can be found in chemically-induced tumors, however, difficulties in inducing these tumors, its large heterogeneity and low reproducibility are significant problems. The greatest similarity between animal experiments and clinical situation is found in GEM or CDX models. Many of GEM and CDX tumors present with similar histology and genetic alterations to typical human renal cancers. Currently, validated and reproducible models are available for ccRCC, pRCC, chRCC, hereditary leiomyomatosis and renal cell carcinoma associated renal cell carcinoma or nephroblastoma ([Table 1](#t0005){ref-type="table"}).

In this review, we comprehensively describe each of the above-mentioned models providing their histological and genetic characteristics, its relation to human kidney tumor types and the rationale for their use in RCC research ([Table 1](#t0005){ref-type="table"}, [Figure 1](#f0005){ref-type="fig"}).

Syngeneic Models {#s0010}
================

Syngeneic animal models developed over 50 years ago are one of the earliest oncogenic animal models. These models are based on animal-derived spontaneous tumor tissues transplanted into a genetically identical, immunocompetent host animal. Allografts (tumors) formed in syngeneic models avoid rejection due to the shared genetic background of the tissue donor and the transplant recipient. Despite the invention of new animal models, i.e. human xenografts or GEM, syngeneic models maintain the advantage of an intact immune system of the animal, which makes them a useful tool to study the tumor microenvironment. Other advantages of syngeneic animal models include their relatively low price and simplicity of animal housing. Due to that syngeneic models can be used in studies that require large animal groups, that can be difficult to obtain when using GEMs or PDXs. Syngeneic animals with RCC have, in fact, been proved useful in identifying therapeutically active drugs [@bb0045], [@bb0050]. With the development of check-point inhibitors and the introduction of immunotherapy into medical oncology and RCC treatment, syngeneic models gained more interest in RCC research due to the intact immune system of the studied animals. In comparison with xenografts in immunocompromised animals, syngeneic models may be used to study the immune response, changes in tumor microenvironment and effects of treatment with immunotherapy agents. However, syngeneic models also have some limitations. These models currently lack known cancer stem cells and other progenitor cell populations that are typically observed in in tumor microenvironment. Tumors in syngeneic models arise as poorly differentiated malignancies and were not reported to undergo the natural steps of tumor evolution that can be observed in GEMs. This often results in rapid tumor growth, preventing immunotherapy agents from developing a full anticancer effect, which is achieved after a latency period in this groups of drugs (in contrast to cytotoxic agents). Therefore syngeneic models do not fully reflect human RCC or ccRCC biology, which prevents the direct translation of study results into clinical practice and diminishes their role in preclinical studies. Nevertheless with introduction of immunotherapy to cancer treatment, syngeneic models have been widely used in preclinical RCC research even despite the possible differences in animal and human cancer pathophysiology. In general benefits and limitations of syngeneic models should be taken into account when choosing the right animal model for RCC research ([Table 2](#t0010){ref-type="table"}).Table 2Advantages and disadvantages of various types of animal models of renal tumorsTable 2Model typeAdvantagesDisadvantages**Syngeneic models**- intact immune system\
- possibility of studying immunotherapy\
- low price\
- simplicity- do not fully reflect human cancer biology\
- different genetic landscape\
- no direct translation to humans\
- lack of tumor heterogeneity\
- lack of native tumor microenvironment**Genetically engineered mouse (GEM) models**- intact immune system\
- possibility to study tumor microenvironment\
- possibility of studying immunotherapy\
- partial resemblance of genetic background to human tumors\
- possibility of testing the role of specific genetic alterations- possibility of induction of lesions in other organs\
- high-risk of complications\
- results translate only for patients with specific genetic abnormalities\
- low metastatic rates\
- high costs\
- difficult to obtain**Chemically induced models**- allow to study sequential stages of carcinogenesis\
- high heterogeneity\
- intact immune system\
- possibility of studying tumor microenvironment\
- possibility of studying immunotherapy\
- low induction success rates- do not reflect the natural course of the disease\
- high variability between animals\
- induction of lesions in various organs and tissues\
- do not fully reflect human cancer biology\
- different genetic landscape\
- no direct translation to humans**Cell-derived xenografts**- use of human cancer cells\
- easy to compare between studies when commercial cell lines are used\
- possibility to achieve metastatic disease\
- high homogeneity between tumors\
- easy to obtain- low intratumoral heterogeneity\
- lack of human microenvironment\
- immunodeficiency\
- no possibility of studying immunotherapy**Patient-derived xenografts**- use of human cancer samples\
- natural microenvironment of human tumor\
- direct translation of results for donor patient\
- allow personalization of therapy- limited amount of cancer tissue to generate model\
- low heterogeneity\
- immunodeficiency\
-no possibility to study immunotherapy**Humanized mouse models**- functional immune system\
- use of human cancer samples or cancer cell lines\
- possibility of studying tumor microenvironment\
- possibility of studying immunotherapy- limited evidence\
- high costs\
- high complexity

The most commonly used syngeneic animal models in RCC research include the murine syngeneic renal adenocarcinoma (RENCA), the kidney carcinoma in the Wistar-Lewis rat model and models of hereditary RCC the Eker rat and the Nihon rat.

RENCA Model---Murine Renal Adenocarcinoma {#s0015}
-----------------------------------------

The RENCA murine adenocarcinoma model is a syngeneic, standardized experimental model of metastatic RCC, developed in the 1970s by Murphy and Hrushesky [@bb0055]. The Renca tumor is a spontaneous malignancy that originates in the Balb/c mouse [@bb0055]. Histologically, RENCA cells were described as poorly differentiated renal cortical adenocarcinoma of the granular type, pleomorphic with large nuclei [@bb0060]. RENCA cells can be cultured *in vitro* or transplanted *in vivo* by intraperitoneal (i.p.), subcutaneous (s.c.) or subcapsular renal injection in syngeneic Balb/c mice. Metastatic progression patterns in the RENCA model depend on the route of administration. After s.c. injection cells form a solid localized tumor [@bb0065]. When injected under the renal capsule, RENCA cells induce formation of a primary tumor, as well as development of metastases, mainly in lymph nodes, lungs, liver and peritoneum, mimicking progression of human RCC and allowing staging and therapy evaluation analogically to human RCC [@bb0055], [@bb0070], [@bb0075]. The RENCA orthotopic model of RCC enables research of localized disease as well as early and late stage metastatic disease. Moreover, the RENCA model allows nephrectomy of the kidney where the primary tumor originates, therefore enabling research of advanced metastatic disease that mimics the clinical situation of post-nephrectomy metastatic RCC patients [@bb0080]. Therefore, the RENCA model has been used extensively as a preclinical model in development of various therapeutic strategies for metastatic RCC including chemotherapy, targeted therapy and immunotherapy [@bb0070], [@bb0075], [@bb0085], [@bb0090], [@bb0095], [@bb0100], [@bb0105].

### RENCA Subcutaneous Model {#s0020}

This model is created by s.c. (ectopic) inoculation of RENCA cells into the flank of 6- to 8-week-old Balb/c mice. 1×10^5^-10^6^ cells can be administered in 0.1 ml Hank's balanced salt solution (HBSS) or Phosphate-buffered saline (PBS). By day 14 small tumors may be detected, growing progressively with maximum weight of 2.4 grams on day 40 [@bb0055] or volume of 2000 to 3000 mm^3^ at 4 weeks [@bb0110]. Large tumors may become ulcerative and necrotic. In this model metastases are not formed and the disease remains localized at the site of inoculation. The subcutaneous RENCA model is a simple, reproducible and well established model. It allows easy measurement of tumor size during treatment. Moreover, a bioluminescent imaging technique can be performed for more accurate evaluation of the tumor volume, when luciferase-transfected RENCA cells (RENCA-luc) are used [@bb0110]. This model is useful for conducting preliminary screening tests of potentially active substances, however, it fails to reflect the complexity of the RCC pathophysiology including differences in innervation of vasculature [@bb0115], tumor microenvironment [@bb0120] and metastases are not developed.

### RENCA Orthotopic Model {#s0025}

The renal RENCA orthotopic model is induced when RENCA cells are implanted into the kidney of BALB/c mice either under the kidney capsule [@bb0125] or directly into the kidney [@bb0130]. In the first approach 1-2×10^5^ RENCA cells in medium (PBS or HBSS) are injected under the renal capsule [@bb0080], [@bb0135] with two possible implantation methods [@bb0140]. In the first method - called superficial implantation - the needle should be inserted under the kidney capsule, above the parenchyma in the lateral kidney border and inserted slightly forward through the renal cortex. RENCA cells should be placed under the renal capsule without puncturing it and white bubbles should appear on the surface of the capsule. In the second method, called the internal technique, needle insertion is performed starting from the side of the kidney opposite to the final implantation site and inserted through the kidney until the needle is visible in the sub-capsular space on the anteromedial surface of the kidney. Cells should be injected without puncturing the renal capsule until white bubbles form.

Recently another RENCA orthotopic model was established [@bb0130]. In this version of the model, tumor cells are injected directly into the kidney. When performing direct intrarenal injection, 2x10^6^ RENCA cells in HBSS are injected into the kidney of the animal through the peritoneum. Compared to subcapsular implantation, this technique is fairly non-invasive and does not require suturing. Analogously to the subcutaneous RENCA model, bioluminescent RENCA-luc cells can be implanted under the renal capsule or directly into the kidney to develop an orthotopic RCC model, that enables non-invasive monitoring of tumor growth [@bb0130], [@bb0145].

In both these orthotopic models, subcapsular and \'direct\', the primary tumor mass grows progressively in the kidney followed by formation of spontaneous metastases. In the subcapsular injection method, macroscopic primary tumors can be detected by days 7 to 10 and at day 25 to 35 can measure up to 8 cm^3^ but high variability can be observed [@bb0150]. In this model, the tumor first metastasizes to regional lymph nodes, then to the lungs and liver [@bb0155]. Pulmonary metastases can be detected by days 15 to 20 after subcapsular implantation and are present in most animals by day 21 [@bb0150]. Liver metastases, hemorrhagic ascites and carcinomatosis are observed after day 21 [@bb0150]. In this model metastases do not appear in the contralateral kidney and therefore renal failure does not contribute to the mortality [@bb0155]. Mice begin to die on day 21 with approx. 50% survival at day 37 and less than 10% after 45 days [@bb0155].

In the direct kidney implantation method the growth of the primary tumor is rapid, and results in histologically detectable tumor formation at day 7 [@bb0160]. By day 14 normal architecture is lost in nearly the entire kidney, and necrotic areas within renal tumors are observed by day 21. On day 24, primary tumors reach a weight of 1 to 3 g [@bb0130]. Metastases to the lungs are also observed at that time [@bb0130].

### RENCA Intraperitoneal Injection {#s0030}

Intraperitoneal injection of 10^5^ RENCA cells into BALB/c mice can be used to induce a metastatic model of RCC [@bb0055]. In comparison to intrarenal/subcapsular injection of cancer cells, i.p. inoculation results in relatively low tumor mass in the peritoneum (approx. 50% less than in the intrarenal approach) [@bb0055]. Metastases are formed relatively early in the mesenteric lymph nodes and can be detected by day 16 [@bb0065]. As the tumor progresses, carcinomatosis and liver metastases appear [@bb0065]. Liver metastases can be detected in approx. 38% of the mice and lung metastases in up to 5% [@bb0065]. Although this model results in metastatic disease it fails to fully mimic the course of metastatic RCC, due to the lack of the primary tumor in the kidney.

### RENCA Intravenous Injection {#s0035}

Similarly to i.p. injection, intravenous (i.v.) administration of RENCA cells results in metastatic disease with relatively low tumor mass [@bb0055]. Intravenous injection of 10^5^ RENCA cells into the tail vein results in formation of numerous lung metastases, while other organs seem to be uninvolved [@bb0165]. Microscopic tumor nodules scattered in the lung tissue can be observed around day 10 [@bb0095]. Macroscopic lung metastases appear from day 15 after cell injection and constantly grow. The number of lung metastases is reaching 100 to 200 by day 20 [@bb0170]. The median survival time of mice in this model is 38 days [@bb0060]. Similarly to the i.p. administration, the i.v. method is a predictable model of lung metastases that mimics the clinical situation of patients after nephrectomy with lung metastases. This model can be useful in evaluation of therapeutic approaches for the treatment of lung metastases in RCC.

### CRISPR-Mediated VHL Knockout RENCA Model {#s0040}

The discovery and utilization of novel genetic tools, such as homologous recombination and small hairpin RNA (shRNA) gene knockdown, have led to a myriad of important discoveries in this field. In the last few years, the CRISPR-based technology has revolutionized genome editing. CRISPR is a technique that allows easy and accessible gene knockouts. Recently, the first syngeneic mouse model of metastatic RCC deficient in the von Hippel-Lindau (*VHL*) gene was established by CRISPR-mediated knockout of *VHL* with the use of lentiviral transduction [@bb0175]. Based on this approach it might be possible to create syngeneic mouse models of RCC which better recapitulate the genetic features of human RCC.

The Wistar-Lewis Rat Renal Adenocarcinoma {#s0045}
-----------------------------------------

The Wistar-Lewis rat renal adenocarcinoma was first described in 1980 by White and Olsson [@bb0180]. It arose spontaneously in a Wistar-Lewis rat's kidney and originated from renal cortical tubules. In electron microscopy studies it was shown that rat RCC cells share various histopathological characteristics with human RCC cells, i.e. the presence of large nuclei, large vacuoles and abundant glycogen granules [@bb0185]. The model is induced by transplantation of rat tumor cells in the flank of syngeneic rats. After s.c. transplantation, a tumor is formed after 3 weeks and does not possess metastatic potential [@bb0180]. When the tumor is placed under the renal capsule, metastatic dissemination can be observed, however, the time required for that process is highly unpredictable. Around 13 weeks after implantation, 85% of the animals develop macroscopic metastatic disease in the lungs [@bb0185]. Doubling time of the primary tumor in the subcapsular transplantation method is estimated to be only 2.6 days [@bb0185]. By 3 months following the implantation the rats are moribund with a massive tumor load. Alternatively, in order to induce metastases a splenectomy can be performed followed by i.p. injection of tumor cells after 24 hours. Formation of metastases can be observed throughout the abdominal cavity 9 weeks later [@bb0180]. The Wistar-Lewis rat renal adenocarcinoma model has been used as a preclinical model in development of chemotherapeutics used for treatment of RCC, however, it is considered to be less predictable and more time-consuming than the RENCA model [@bb0190].

Eker and Nihon Rats {#s0050}
-------------------

In 1954 Reidar Eker described renal adenomas in Wistar rats. Lesions started to appear in 5 month rats and tumors developed up to one year. These tumors were varied in size, multiple and bilateral, without metastases. In 1961 Eker and Mossige noticed that a single dominant gene determined the development of tumors [@bb0195], [@bb0200]. In later research Eker rats (Wistar strain) were bred on a Long Evans genetic background [@bb0205], [@bb0210], [@bb0215]. After several studies, a positional cloning approach allowed to identify a mutation in the rat *Tsc2* gene (so called the Eker mutation) that is the predisposing factor for tumors in Eker rats [@bb0205], [@bb0220], [@bb0225], [@bb0230], [@bb0235]. Homozygous rat embryos (with the Eker mutation in two alleles) died at approx. 12 days of gestation. They were characterized by atypical brain development (smaller, abnormal segmentation) [@bb0205]. Renal tumors appear in heterozygotes and in accordance with the Knudson "two--hit" hypothesis, a tumor occurs when a wild type allele is inactivated by loss of heterozygosity or somatic mutation [@bb0205], [@bb0225], [@bb0240], [@bb0245], [@bb0250], [@bb0255].

Renal tumors in Eker rats (Long-Evans rats bearing the Eker mutation) are usually multicentric and bilateral with epithelial origin. They are mostly clear and cystic nodules up to 3 mm in diameter. Larger tumors (reaching up to 30 mm in diameter) are observed less frequently. Large tumors occur in young individuals and develop from renal proximal tubular epithelium. Cancer cells most often have abundant eosinophilic cytoplasm containing one or more vacuoles [@bb0260]. Tumor cells are basophilic or eosinophilic and are arranged in trabecular, solid, acinar and papillary histologic patterns [@bb0265]. Clear cell (cytoplasm) cytological variants such as found in humans ccRCC were not observed in these tumors [@bb0260]. Renal cancers from Eker rats are highly vascularized with large and irregular vesicular areas [@bb0270]. Primary neoplasms in these rats are also found in spleen, uterus and vagina, not only in kidney. Finally tumors in smooth muscles in older animals (14-month old) were also observed [@bb0260]. No evidence of metastases was reported by now.

Studies on cells derived from Eker rats compared to cells derived from human renal cancer cells show similarities, like overexpression of transforming growth factor α (TGFα), stable and high expression of hypoxia inducible factor 2α (HIF2α), and up-regulated vascular endothelial growth factor (VEGF) [@bb0270], [@bb0275]. Although the frequency of mutations in p53 is not fully determined, many studies in human renal cancer derived tissues indicate that mutations in p53 occur rarely, as in Eker rats [@bb0280], [@bb0285], [@bb0290], [@bb0295].

RCC in humans is mostly related to mutations in the *VHL* gene [@bb0300] while in Eker rats they are observed in *Tsc2* gene [@bb0225], [@bb0240], [@bb0305]. In humans, alterations in TSC genes (humans possess two *TSC1* or *TSC2* genes) are connected with tuberous sclerosis [@bb0300]. The presence of this mutation in the Eker model has an additional impact on the obtained results. Eker rats that have elevated glucose level and abnormal insulin secretion or utilization, also exhibit hyperketonemia. In the skeletal muscle, metabolic abnormalities with mitochondrial dysfunction and reduction of their number are observed [@bb0310], [@bb0315]. Additionally, most studies were done on the Long-Evans strain that carried the Eker mutation, but crossing with other rat strains was also used [@bb0235], [@bb0320]. Different genetic background (strain) was found to affect size and number of tumors in heterozygous animals as well type of the abnormalities found in homozygous embryo brains [@bb0320].

The Eker rat model is useful in cancer biology research, especially for studies on inherited types of cancer. It is a good tool for genetic studies on the role of various tumor genes and oncogenes. It is also useful for studying the possible role of exposure to chemical or physical factors in modifying the incidence of tumors. However, in the case of renal tumors, the lack of close similarity to a particular type of human kidney tumor, as well as the lack of distant metastases, limits the utility of this model in research into potential therapeutics. The Eker rat is also a model of tuberous sclerosis, and in this case trials with rapamycin with Eker rats have been conducted [@bb0325], [@bb0330].

Another hereditary renal cancer model is called the Nihon rat (Sprague-Dawley strain) and it was described by Okimoto et al. in 2000 [@bb0335]. The predisposition for developing renal cancer in Nihon rats is dominantly inherited and results from the mutation in the *Bhd* gene [@bb0340]. In these animals, multiple types of adenomas and carcinomas are characterized including tubular, solid, cystic, or cystic--papillary histologic subtypes. Lesions began to appear very early in 3 to 4 week-old animals. Nihon rats also develop clear cell type renal cancer carcinoma. The majority of the found atypical tubules and tumors are of the clear or mixed cell type. Heterotopic ossification was also observed. Tumors were locally aggressive adhering to surrounding organs, but metastases were not observed. Additionally, other neoplastic lesions were found in endometrium, salivary glands and heart [@bb0335], [@bb0345]. Nihon rats may be used to investigate human BHD-induced renal tumors or to study in general the genetic mechanisms of renal cancer development.

Genetically Engineered Mouse (GEM) models {#s0055}
=========================================

Great progress that has been observed in recent years in the area of genetic engineering has opened new opportunities for generation of new animal models of RCC. Genetically engineered mouse (GEM) models are developed by the introduction of constitutively or conditionally expressed genetic alterations, associated with a particular disease/cancer. In GEM models one or several genes believed to be involved in transformation or malignancy are mutated, deleted or overexpressed. Conditional expression is dependent on the presence of additional stimuli, e.g. tamoxifen, that "switch on" or "switch off" the expression of the genes. In the constitutive model, genes are altered from the embryonic period through the whole life. Some genetic modifications induced in the embryo may affect normal development and cause early lethality or significant functional impairment what significantly limits cancer research. For that reason it is recommended that mutated genes should be silent during embryogenesis and early postnatal development and preferentially mutated in selected tissues [@bb0350].

Depending on the modification system, genetic lesions can be initiated in specific tissues or in all tissues simultaneously. The first approach is considerably better because alteration occurs in the tissue and microenvironment that is relevant to the type of tumor being modeled. If the specific type of cells of tumor origin is known, the best approach would be to target genes in those cells only. There is a variety of site-specific promoters to model kidney diseases [@bb0355]. For example, for ccRCC that originates from proximal tubule cells, promoters such as Pax8 [@bb0360], [@bb0365], Ksp-cadherin [@bb0370], [@bb0375], [@bb0380], [@bb0385], [@bb0390] and GGT [@bb0395], [@bb0400] are the most commonly used and result in tissue-specific generation of RCC tumors that resemble human ccRCC.

Moreover, GEM models have an intact immune system and a well-developed tumor stromal compartment thus can be used to study the effect of immune-directed therapies and allow testing therapies acting on the tumor microenvironment. Additionally, distant metastases are more frequently observed in GEM models than in xenografts. Therefore, they are an optimal tool for studies of metastatic disease [@bb0405].

One of the major drawbacks of GEM models is the rather slow kinetics of tumor development that usually requires even over a year to develop a cancer. On the other hand, this allows testing multiple events that affect carcinogenesis or testing therapeutic strategies at different stages of tumor development. Slow growth results in generation of various additional mutations and finally higher heterogeneity that is often lacking in xenografts.

GEM models give the best opportunity to study the role of specific genetic or molecular abnormalities in carcinogenesis but data concerning the efficacy of therapeutic strategies should be interpreted with caution. Tumors in such models are mouse, not human tumors, and the results cannot be easily translated to predict the therapeutic response in humans. There is no direct correlation between response in the mouse and response in the clinical setting in patients [@bb0350].

Recent years have brought a breakthrough in the understanding of the genetic background of RCC and a few new GEM models of this disease ([Table 3](#t0015){ref-type="table"}). The first trials were focused on the *Vhl* gene, which is the most frequently mutated in human ccRCC. *VHL* mutations occur at the earliest stage of tumor formation and are present in 82% to 92% of ccRCC [@bb0410], [@bb0415]. Unfortunately, numerous mouse models with renal epithelial-specific *Vhl* knock out failed to develop RCC, suggesting that second-hit loss-of-function mutations are needed and that solitary *Vhl* mutations in the renal epithelium are insufficient for RCC development [@bb0360], [@bb0420], [@bb0425], [@bb0430], [@bb0435], [@bb0440], [@bb0445], [@bb0450]. Thus, attempts with concomitant knockdown of *Vhl* gene together with other RCC-related genes, highly mutated in humans such as *PBRAM1, BAP1, Rb1, Trp53* were undertaken. For example, kidney epithelium specific co-deletion of *Vhl* and *Pten* [@bb0440] or *Kif3a* (Kinesin Family Member 3A) [@bb0455] in mice led to formation of simple, atypical cystic lesions that mimic precursor lesions observed in some ccRCC, however, no cancer cells were found. More promising are models with genetic modifications in *Vhl, Trp53 and Rb1* [@bb0375], *Vhl and Pbrm1* [@bb0360], [@bb0365], [@bb0460], *Vhl and Bap1* [@bb0465], *Hif1α* [@bb0395], *Myc* [@bb0390], [@bb0400], *Tfeb* [@bb0470], *Bhd* [@bb0385] or *NICD1* [@bb0475] that are described below in more detail.Table 3Tested approaches to generate autochthonous genetically engineered mouse models of renal cancerTable 3Genetic modificationRenal tumors (frequency if available)SubtypeMetastasesAdditional informationRefVhl^Δ/Δ^NoNANANA[@bb0360], [@bb0420], [@bb0425], [@bb0430], [@bb0435], [@bb0440], [@bb0445], [@bb0450]Vhl^Δ/Δ^ + Notch1 activationNoNANAOnly nests of dysplastic cells[@bb0475]HIF1α activationNoNANA"carcinoma in situ"-like changes[@bb0395]Vhl^Δ/Δ^Pbrm1^Δ/Δ^Yes, 100%ccRCCno[@bb0360]Vhl^Δ/Δ^Pbrm1^Δ/Δ^Yes, 100%Low-grade ccRCCnoImpaired renal function[@bb0365]Vhl^Δ/Δ^Pbrm1^Δ/Δ^ Tsc1^Δ/-^Yes, 100%high-grade ccRCCnoFaster development of tumors than in Vhl^Δ/Δ^Pbrm1^Δ/Δ^ animals[@bb0365]Vhl^Δ/Δ^Pbrm1^Δ/Δ^Yes, 33.3%ccRCCNoImpaired renal function and high mortality[@bb0370]Vhl^Δ/Δ^Bap1^Δ/-^YesunknownnoVery small lesions[@bb0465]Vhl^Δ/Δ^Bap1^Δ/-^YesccRCCnoImpaired renal function and high mortality[@bb0365]Vhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^Yes, 82%high-grade ccRCCno[@bb0375]Flcn^Δ/Δ^Yes, 1-2%unknownnoImpaired renal function and early mortality[@bb0385]Flcn^Δ/-^YesccRCC, chRCC, oncoytomaunknown[@bb0380]Flcn^Δ/-^Yes, 3%oncocytomanoConcomitant lung adenocarcinoma or diffuse lymphoproliferative disease[@bb0555]Flcn^Δ/Δ^Yes, 53%Various with dominant pRCC and sarcomatoid RCCYes, lymph nodes[@bb0560]Myc overexpressionYescollecting-duct carcinomaunknown[@bb0400]Myc overexpressionYestype 2 pRCCunknown[@bb0390]Myc overexpression + Vhl^Δ/Δ^CDKN2A^Δ/Δ^Yes, 100%ccRCCYes, liver[@bb0390]TFEB overexpressionYesccRCC, pRCCNoImpaired renal function[@bb0470]Wt1^--/f^lH19^+/--m^Yes, 64%nephroblastomano[@bb0600][^3]

It is necessary to underline that renal tumors, at the genetic and molecular level, are very complex diseases harboring multiple genetic alterations. Moreover, there is high genetic heterogeneity between each subtype of RCC what significantly complicates the possibility to generate a reliable GEM model fully resembling human disease. Analyses of data from The Cancer Genome Atlas (TCGA) has identified 16 significantly mutated genes including 9 associated with ccRCC, 11 associated with pRCC, and 2 associated with chRCC with only two genes, *TP53* and *PTEN*, shared by all subtypes [@bb0480], [@bb0485], [@bb0490], [@bb0495]. Each of these genes is an attractive target to generate a GEM model, however for the moment only several genes have been tested ([Table 4](#t0020){ref-type="table"}). The majority of human RCC cells harbor multiple mutations whereas tumors in GEMs are induced by alterations in only a few genes. Even though secondary mutations, other than in targeted genes, are observed in GEMs, they do not fully resemble the broad spectrum of human RCC. Such genetic complexity opens wide perspectives for further research in this area by creating GEM models targeting other genes that have not been tested yet, preferably in combination with most common genes such as *VHL* or *PBRM1*.Table 4Comparison of 16 significantly mutated genes across RCC subtypes (ccRCC, pRCC and chRCC) based on TCGA data and their use on creating GEM models of RCCTable 4Significantly mutated gene in TCGA analysesRCC subtypeSuccessful GEM models of RCC targeting the geneTP53ccRCC, pRCC, chRCCVhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^,PTENccRCC, pRCC, chRCCNAPBRM1ccRCC, pRCCVhl^Δ/Δ^Pbrm1^Δ/Δ^, Vhl^Δ/Δ^Pbrm1^Δ/Δ^ Tsc1^Δ/-^SETD2ccRCC, pRCCNABAP1ccRCC, pRCCVhl^Δ/Δ^Bap1^Δ/-^,VHLccRCCVhl^Δ/Δ^ + Notch1 activation, Vhl^Δ/Δ^Pbrm1^Δ/Δ^, Vhl^Δ/Δ^Pbrm1^Δ/Δ^ Tsc1^Δ/-^, Vhl^Δ/Δ^Bap1^Δ/-^, Vhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^, Myc overexpression + Vhl^Δ/Δ^CDKN2A^Δ/Δ^,KDM5CccRCCNAMTORccRCCNAPI3KCAccRCCNAMETpRCCNANF2pRCCNAKDM6ApRCCNASMARCB1pRCCNAFAT1pRCCNASTAG2pRCCNANFE2L2pRCCNA

Vhl^Δ/Δ^Pbrm1^Δ/Δ^ Mice {#s0060}
-----------------------

In 2017 Espana-Augusti et al. [@bb0360] established a mouse model with the renal tubular specific deletion of *Vhl* and Polybromo-1 (*Pbrm1*) gene using Pax8CreER^T2^ transgenic mice. The *Pbrm1* gene that acts as the SWI/SNF chromatin remodeler, is the second most frequently mutated gene in human ccRCC, observed in roughly 50% of cases [@bb0500]. Concomitant loss of *Vhl* and *Pbrm1* is observed in up to 40% of cases in humans [@bb0500]. Espana-Augusti et al. established a model targeting both genes using the Pax8CreER^T2^ transgene that allows for spatial and temporal control of gene deletion and therefore specific targeting of fully developed renal tubular epithelium. All of Vhl^Δ/Δ^Pbrm1^Δ/Δ^ mice by 20 months of age exhibited a spectrum of premalignant cysts and developed multifocal renal tumors arising within macroscopically normal parenchyma and they were confirmed to originate from proximal renal tubules. All malignant tumors presented with a typical histopathological picture of ccRCC - cells with clear or eosinophilic cytoplasm, increased proliferative index, prominent vasculature and positive staining for carbonic anhydrase 9 (CAIX). No macroscopic metastases were found in this model [@bb0360].

At the same time Gu et al. [@bb0365] published a report on a similar model of *Vhl*/*Pbrm1* knock-out mice. They used the same Pax8 promoter to drive constitutive expression of *Cre* recombinase from early kidney development. After 13 months 100% mice developed tumors resembling human low-grade (Fuhrman grade 1-2) ccRCC with sizes of 0.5 to 12 mm. Tumors were positive for CAIX, CD10, and vimentin. Moreover, they had increased expression of HIF target genes including *Vegf*, *Glut1*, or *Tgfa*. An additional knock-out of one copy of the mTORC1 negative regulator, *Tsc1* gene, in the kidneys along with *Vhl* and *Pbrm1* led to development of tumors with similar appearance to those observed in kidneys with intact *Tsc1*, but of higher grade and with increased mTORC1 activation. In Vhl^Δ/Δ^Pbrm1^Δ/Δ^ Tsc1^Δ/-^ mice, tumor formation was accelerated by approximately 3 months [@bb0365]. Vhl^Δ/Δ^Pbrm1^Δ/Δ^ mice that developed RCC had median survival of 15 months and impaired renal function, evaluated by blood urea nitrogen and creatinine levels [@bb0365], that may have been caused by tumors but also abnormal kidney development caused by the Pbrm1 knock-out in the embryonic period.

A different approach was analyzed by Nargund et al. [@bb0370] who created a *Vhl* and *Pbrm1* deficient mouse model using a traditional Ksp-Cre driver which begins its expression at embryonic day 14.5. In this model mice developed renal hydronephrosis, polycystic kidney disease (67% of animals up to 14 months) and renal failure accompanied by markedly increased mortality. Serial MRI imaging revealed progressive changes from normal kidney through cysts to increased nodularity but histological examination revealed sheets of tumor cells only in one third of the kidneys. Tumors had high vasculature density, glycogen concentration and proliferation index but did not cause local tissue involvement nor distant metastases. Moreover, kidney lesions were positive for CAIX suggesting that they originate from proximal tubules. Vhl^Δ/Δ^Pbrm1^Δ/Δ^ tumors had upregulation of HIF-1, STAT3 and mTORC1 pathways and downregulation of the OXPHOS pathway -- molecular features of human ccRCC. Also the gene expression profile, compared with TCGA data from human ccRCC, confirmed that observation [@bb0370]. It is worth noting that Vhl^Δ/Δ^Pbrm1^Δ/Δ^ tumors from this model were transplantable and formed visible tumors resembling histological and genetic features of parental cancers, when transplanted into the subrenal capsules of the kidney in NSG mice. Interestingly, tumor invasion into the liver was observed in two of the five transplanted cases, confirming their malignant and metastatic potential.

Three different approaches for concomitant *Vhl* and *Pbrm1* knock-out have been reported so far, varying in the use of different gene promoters and time of silencing. Deletion of *Vhl* and *Pbrm1* already during embryogenesis may affect normal development of the kidney [@bb0365] thus models with inducible deletion of targeted genes after completed organ development seem to be less biased and better resemble human ccRCC pathogenesis [@bb0360]. Use of the Ksp-Cre driver in the embryonic period seems to affect organ development to a lesser extent than Pax8 but tumors observed in this model are uniformly small and observed only in 30% of the animals, strongly limiting its potential use in studies on RCC pathogenesis and therapies [@bb0370].

Vhl^Δ/Δ^Bap1^Δ/Δ^ Mice {#s0065}
----------------------

In 2014 Wang et al. [@bb0465] described the role of *Vhl* and *Brca1* associated protein-1 (*Bap1*) deletion in mice. The *Bap1* gene encodes a deubiquitinase of the ubiquitin carboxyl-terminal hydrolase. Complete Bap1 loss-of-function is observed in approximately 15% of human ccRCC, mostly in high-grade tumors [@bb0505]. Homozygous deletion of *Vhl* and *Bap1* in the mouse (Six2-Cre; Vhl^Δ/Δ^Bap1^Δ/Δ^) kidney resulted in early mortality before 1 month [@bb0465]. If Bap1 deletion was heterozygous (Six2-Cre; Vhl^Δ/Δ^Bap1^Δ/-^) some mice developed small tumor nodules (0.25-1.8 mm) with unknown molecular characteristics [@bb0510]. Use of the Pax8-Cre driver, instead of Six2-Cre, significantly improved the survival of animals and increased the frequency of RCC tumors. Pax8-Cre;Vhl^Δ/Δ^Bap1^Δ/Δ^ died at around 3 months of age while animals with homozygous loss of function of Bap1 (Pax8-Cre; Vhl^Δ/Δ^Bap1^Δ/-^) survived 14.5 months and developed renal tumors observed at around 11 months of age. Tumors ranged from 0.7 to 2.4 mm in size, presented with pronounced cell pleomorphism, nucleolar prominence, atypia, mitosis, lymphovascular invasion, positive Ki-67, CAIX and CD10 staining and upregulation of HIF-1, HIF-2 and mTORC1. Such characteristics suggest similarity to high-grade (Fuhrman grade 3) human ccRCC. Similarly to Pax8-Cre;Vhl^Δ/Δ^Pbrm1^Δ/Δ^ mice, animals in this model had impaired renal function, what can explain their early mortality [@bb0365].

It may seem interesting to evaluate the possibility of creation of a triple knock-out model for *Vhl*, *Pbrm1* and *Bap1* genes but such a combination rarely occurs in human ccRCC. For unknown reasons tumors tend to lose either *Pbrm1* or *Bap1*, but loss of both is rarely observed [@bb0505], [@bb0515].

Vhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^ Mice {#s0070}
-------------------------------

Harlander et al. [@bb0375] have recently (in 2017) characterized a new mouse model with simultaneous, inducible, renal epithelial cell-specific (Ksp1.3-^CreERT2^) homozygous deletion of loxP-flanked alleles of *Vhl*, *Trp53* and *Rb1* genes. Expression of those genes was switched-off in pups by injecting nursing dams with tamoxifen or by feeding 5-week-old mice with tamoxifen-containing food. Within 25 to 61 weeks from tamoxifen treatment 32 of 38 (82%) mice developed a total of 159 tumors. Putative small precursor lesions were observed in mice that did not develop tumors suggesting that they may potentially develop them at later time points. Male mice developed tumors at earlier time points and presented with a higher number of tumors per animal, what correlates with higher frequency of RCC among men [@bb0010].

All tumors arose from proximal tubule epithelial cells and were classified as ccRCC grade 3 or 4, growing in acinar, solid and pseudopapillary patterns. 60% of tumors contained cells with either optically clear or weakly stained cytoplasm, while 28% exhibited more cytoplasmic eosin staining resembling the eosinophilic variant. The remaining tumors showed mixed phenotype or papillary-like features. All tumors displayed highly developed vascular network. No lung, liver, spleen, bone or brain metastases were observed in these mice [@bb0375].

Histologically and genetically Vhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^ tumors are highly similar to human ccRCC. All lesions displayed nuclear accumulation of HIF-2α, 75% displayed nuclear expression of HIF-1α, all had strong activation of mTORC1, while only a few were positive for markers of the RAS-MAPK pathway activation what is consistent with ccRCC tumors in man. Strong similarities were also observed for the expression of unique orthologous gene pairs between human and mouse ccRCC. Importantly, mutations in *Pbrm1*, *Bap1* and *Setd2* were not found in the examined animal tumors, providing evidence that this model may reflect approximately 50% of human ccRCC that do not harbor mutations in those tumor-suppressor genes [@bb0375].

Some therapeutic strategies have been tested by Harlander et. al in Vhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^ mice. These authors have proved that individual ccRCC tumors respond differently to first line therapy with sunitinib and second line everolimus suggesting the potential use of this model for evaluation of the mechanisms and biomarkers associated with therapeutic sensitivity and resistance. Moreover, they proved that acriflavine, inhibitor of the dimerization of HIF-1α and HIF-2α with HIF-2β, is effective in a small subset of tumors in the third line after sunitinib and everolimus [@bb0375].

Mice with deletion of *Trp53* and *Rb1* and normal wt *Vhl* could also develop RCC tumors but with a significantly lower frequency (24%). However, most of them exhibited a range of non-ccRCC phenotypes with sarcomatoid or rhabdoid tumor cell morphology [@bb0375]. More detailed characterization of tumors obtained from this approach would help to elucidate the role of *Trp53* and *Rb1* genes in non-ccRCC pathogenesis.

Vhl Knock-Out and Notch1 (NICD1) Activation {#s0075}
-------------------------------------------

In 2016 Johansson et al. [@bb0475] developed a conditional mouse model based on the ectopic expression of a constitutively active intracellular domain of *Notch 1* (NICD1) and the disruption of the *Vhl* gene in renal proximal tubular epithelial cells. The Notch signaling pathway plays an important role in embryonic and postnatal development but has also been established as oncogenic in a variety of tumors, like T-cell acute lymphoblastic leukemia [@bb0520], lung adenocarcinoma [@bb0525] or melanoma [@bb0530]. This has also been confirmed for ccRCC, where the Notch1 receptor is significantly overexpressed, and stimulates proliferation, migration and invasiveness of RCC cells [@bb0535], [@bb0540]. Animals in this model were obtained by crossing the transgenic mouse strain CALSL-NICD, that conditionally confers ectopic expression of human NICD1, with mice carrying a floxed *Vhl* (Vhl^fl/fl^) allele, and the Kap2-iCre mouse strain, in which improved Cre is driven by the androgen inducible and PTEC specific kidney androgen protein 2 (Kap2) promoter. Throughout 12 months, mice did not develop any detectable tumors but immunohistochemical staining of the kidneys revealed nests of dysplastic cells with a clear cytoplasm reproducing the key features of early human ccRCC. With no detectable tumors, this model only confirms the role of both genes in RCC carcinogenesis but has very low utility for further use in RCC research.

FLCN Gene Knock-Out {#s0080}
-------------------

The *FLCN* gene that encodes FLCN protein is proposed as a candidate tumor-suppressor gene. Its loss of function is one of the causes of the Birt-Hogg-Dube (BHD) syndrome, that among others presents with RCC. This sheds some light on its potential role in RCC development and has led to testing of *FLCN* gene knock-out in the mouse model. *FLCN* homozygous deletion usually results in embryonic lethality [@bb0380], [@bb0545], [@bb0550].

In a model developed by Chen et al. [@bb0385] *Flcn* was deleted under a kidney-specific Ksp-Cre system in the distal tubules, collecting ducts, and the thick ascending limb of Henle's loop. Ksp-Cre;FLCN^Δ/Δ^ mice developed bilateral polycystic kidney but died by the age of 3 weeks due to kidney failure [@bb0385]. However, in the polycystic kidneys of mice older than 18 days tumors resembling cystic forms of RCC developed. This kind of RCC is extremely rare and accounts for 1% to 2% of all kidney tumors. Interestingly, rapamycin treatment extended mouse survival and delayed development of cysts and neoplasms, what was associated with increased mTOR activity in Ksp-Cre;FLCN^Δ/Δ^ mice. It is possible that if mice did not die early due to kidney failure, they could develop solid RCC tumors. Similar observations were also reported by Baba et al. [@bb0380] in a heterozygous model (Ksp-Cre;FLCN^Δ/-^); they found that solid tumors displayed histological features similar to human kidney tumors that develop in BHD patients, including ccRCC, oncocytoma or oncocytic hybrid consisting of a mixture of chRCC and oncocytic cells. Molecular phenotypes, with activation of Akt and mTOR pathway, were similar between BHD patients and Ksp-Cre;FLCN^Δ/-^ mouse tumors [@bb0550].

Also, Hudon et al. [@bb0545] and Hartman et al. [@bb0555] created a model with a heterozygous *Flcn* loss-of-function mutation in a transgenic mouse strain carrying an in-frame β-galactosidase-neomycin-phosphotransferase II insertion between exons 8 and 9 of *Flcn* in all tissues. Approx. 50% of animals developed sporadic renal tubule hyperplasia, single cysts and multilocular polycystic kidneys before 24 months of age. Cystic lesions expressed markers typical for proximal tubules. Importantly, some mice showed lung adenocarcinoma or diffuse lymphoproliferative disease in several organs [@bb0555].

Later on, Chen et al. [@bb0560] generated a model with a homozygous knock out of the *Flcn* gene specifically in proximal tubules. To obtain it, Flcn^flox/flox^ mice were bred to Sglt2-Cre transgenic mice, with expression of *Cre* recombinase under the control of the kidney proximal tubule--specific *Sglt2* gene promoter (Sglt2-Cre;Flcn ^Δ/Δ^). The survival of animals was much longer than in Ksp-Cre;FLCN^Δ/Δ^ but none of the animals survived longer than 24 months. All animals at the time of death had significantly elevated levels of blood--urea nitrogen. 53% of animals developed kidney tumors, which is less than in the previous approach, possibly caused by a lower chance of second hit mutations. Histological appearance of tumors was changing with age -- in mice younger than 6 months most of the kidney lesions were cysts and hyperplasia while older animals started developing multiple subtypes of solid kidney tumors with the majority of the high-grade RCCs observed in the oldest. Among RCCs different subtypes were present: pRCC (43.5%), high-grade sarcomatoid RCC (25.2%), chRCC (11.6%), oncocytoma (8.8%), ccRCC/oncocytoma hybrids (6.8%), ccRCC (3.4%) and metanephric adenoma (0.7%). Some tumors presented with lymph node metastasis, lymphovascular invasion, fat invasion, and tumor necrosis. Tumors showed activation of Akt and mTOR pathways as well as overexpression of TGF-β related genes, including MMP2, MMP14, and THBS2. Also in this model rapamycin significantly suppressed tumor growth.

*Flcn* knock-out models, especially Sglt2-Cre;Flcn^Δ/Δ^ with longer life span and relatively high penetrance, could be promising *in vivo* models for drug testing but their molecular background resembles only a small proportion of human RCC. The variety of histological subtypes of RCC observed after *Flcn* silencing is also a significant limiting factor. Further analyses, to answer the question what other factors determine the histological type of RCC in this model, are awaited.

Constitutively Active Mutant of HIF1α (TRAnsgenic model of Cancer of the Kidney---TRACK model) {#s0085}
----------------------------------------------------------------------------------------------

Fu et al. [@bb0395] attempted to generate a RCC mouse model resembling Von-Hippel Lindau kidney disease by constitutive HIF-1α activation. They created a triple mutant (P402A, P564A, N803A) human *HIF-1α* construct using the kidney proximal tubule specific type 1 γ-glutamyl transpeptidase (GGT) promoter to drive its expression in the proximal tubule cells. The DNA fragment with the mutations was injected into the pronuclei of one-cell embryos of C57BL/6 mice. This method of genetic modification had a rather low success rate -- only 4 out of 51 founder mice harbored the integrated target gene. Transgenic mice developed normally and passed the transgene to offspring following a Mendelian inheritance pattern. Animals expressing this triple mutation have constitutively active *HIF-1α*, and exhibited kidney lesions that histologically resemble human VHL disease -- cystic changes, distortion of tubular structure and presence of clear cells. The distorted tubule cells showed moderate to marked cellular swelling, cytoplasmic vacuolation, prominent cell membranes, large amounts of cytoplasmic glycogen, a feature of early human ccRCC. Moreover, clear cells had strong expression of CAIX, Glut-1, VEGF, Ki-67 and Proliferating Cell Nuclear Antigen (PCNA). However, no *bona fide* ccRCC has been observed in these mice, except one cystic ccRCC in twenty-two-month-old mice. Histopathological features suggest that clear cells observed in the TRACK model may represent early stage RCC, somewhere between carcinoma *in situ* and frank carcinoma. However, genome-wide profiling of the TRACK kidneys showed some similarities to the human ccRCC transcriptome [@bb0565]. When the transcriptome from the kidney cortex of TRACK animals was compared with Oncomide and TCGA database sets, similarities, such as increased expression of genes involved in glycolysis and the tricarboxylic acid cycle, were found. However, only 5 of the 20 genes most highly overexpressed in human ccRCC and none of 20 genes highly underexpressed in human ccRCC showed similar expression patterns in TRACK kidneys. Great caution is needed when evaluating these data since genetic similarity between TRACK model and human ccRCC is rather weak and visible only in the selected metabolic pathway implicating the role of HIF-1α in those pathways and not confirming the TRACK model as a reliable model of ccRCC.

These results indicate that *HIF-1α* functions as an oncogene in renal carcinogenesis and is an interesting target for research on reliable animal models. The insufficiency of inducing bona fide RCC in this model indicates that further studies are required. The mouse model of Von-Hippel Lindau syndrome may be useful in sequential analysis of events leading to development of RCC but in the current state it cannot be used in evaluation of new treatment strategies for this cancer type.

Myc Overexpression {#s0090}
------------------

Shroff et al. [@bb0400] created a mouse model with conditional *Myc* overexpression using the Tet system. The MYC pathway is activated in most of human RCC [@bb0570] and thus was an interesting target for the development of RCC models in mice. *Myc* expression was driven by the kidney-specific GGT promoter coupled to the tetracycline transactivating gene (*tTA*). Induction of *Myc* resulted in fast development of RCC. Tumors were positive for PAX8, E-cadherin, CK5/6, CK7 and negative for CD20 -- features of aggressive collecting-duct carcinoma. Additionally, tumors were completely dependent on *Myc* expression since MYC inactivation resulted in complete remission of RCC.

Later on, a similar attempt was undertaken by Bailey et al. [@bb0390] who generated mutant mice expressing a doxycycline-inducible *Myc* transgene, targeted to renal tubule cells under the control of the Ksp promoter (Ksp-rtTA; tet-O-Myc mice). Mice developed tumors with either papillary or more solid infiltrative appearance. Tumors were of high-grade and characterized by hyperchromatic cells with a high nuclear to cytoplasmic ratio, nuclei with large nucleoli and significant pleomorphism. *Myc*-tumors showed strong genetic correlation with human pRCC and co-clustered with type 2 pRCC [@bb0390].

*Myc* overexpression was combined further with *Vhl* and *Ink/Arf (Cdkn2a)* knock-out [@bb0390]. Renal tumor formation was found in 67% of animals with *Myc* activation and *Vhl* inactivation (VM mice) and 100% of mice with *Myc* activation, *Vhl* and *Ink/Arf* inactivation (VIM mice). Tumors in VM mice had tubulo-papillary or solid histology with occasional clear cell features. Similar features were found in VIM mouse tumors but some of them also harbored clear cell features strikingly similar to human ccRCC. Comparison of whole transcriptome centroids of mouse tumors with TCGA KIRC (ccRCC) and KIRP (pRCC) data revealed that they strongly correlate with human ccRCC. It is worth noting that the VIM model is the first autochthonous model of ccRCC that develops liver metastases. Cells from VIM tumors exhibit gene expression changes consistent with epithelial-to-mesenchymal transition and are associated with invasion and metastasis through remodeling of the extracellular matrix [@bb0390]. Studies on this model shed more light on the role of *Ink4a/Arf* loss as permissive event for the emergence of clones that are responsible for the metastatic potential of ccRCC. Thus, the VIM model may be used not only to study pathogenesis of ccRCC but also to test potential drugs aiming at reduction of cell invasion and metastases.

The difference in the histological subtypes of tumors induced by sole *Myc* overexpression in the above-mentioned models may be caused by the relative differences in expression patterns of the promoters used to overexpress *Myc* or different timing of this process. However, both models are of great value since they resemble more rare subtypes of RCC that are associated with worse prognosis. Use of *Myc*-overexpressing models may help to better understand the genetic and molecular bases of those types and to find better therapeutic options. The model with *Myc* overexpression under the GGT promoter is the only autochthonous transgenic mouse model of highly aggressive collecting-duct carcinoma that can be a useful tool to evaluate new therapeutic options for the treatment of this subtype of RCC. Additionally, concomitant mutations in other genes, besides *Myc*, significantly affect the histological appearance, confirming the complex genetic background of RCC and the underlying need for further research in those models.

TFEB Overexpression {#s0095}
-------------------

Approximately 2% of ccRCC [@bb0575] and 12% of type II pRCC [@bb0485] present with chromosomal translocation of *TFEB* or *TFE3* genes, leading to their overexpression. The desire to understand the mechanism leading from *TFE* translocation to carcinogenesis has led to the creation of experimental animal models with kidney-specific overexpression of the *Tfeb* gene [@bb0470]. The model (Cdh16~Cre~::Tfeb~fs~) was obtained by crossing the *Tfeb* conditional overexpressing mouse line carrying *Tfeb-3xFlag*~*fs/fs*~ under the control of the chicken beta-actin promoter with the *Cdh16*~*Cre*~ mouse strain, in which *Cre* recombinase is specifically expressed in renal tubular epithelial cells starting from the embryonic stage. To rule out effects of *Tfeb* overexpression during kidney development, Calcagni et al. [@bb0470] have also created a model (Cdh16~CreErt2~::Tfeb~fs~) with inducible *Tfeb* expression using the mouse line that carried a tamoxifen-inducible *CreErt2* element under the control of a Cdh16 promoter for crossing. In both models, survival of animals was approx. 3 months. At autopsy, all animals had significantly enlarged kidneys with severe cystic disease. Histologically cysts from Cdh16~Cre~::Tfeb~fs~ animals presented markers that suggested that they originated from distal tubules and collecting ducts, while in Cdh16~CreErt2~::Tfeb~fs~ cysts arose from proximal and distal tubules. Moreover, analyses showed the presence of clear cells, fibrosis, multi-layered basement membranes and accumulation of collagen -- features that resemble human *Tfeb*-fusion RCC tumors. Besides cysts, older animals presented neoplastic lesions, ranging in size from 0.1 to 2.93 mm. Moreover, 23% of Cdh16~Cre~::Tfeb~fs~ animals, older than 3 months, developed liver metastases. Studies in this model have revealed that TFEB overexpression leads to significant activation of the WNT pathway. Additionally, the WNT inhibitor PKF118-310 was tested *in vivo* in this model, resulting in reduction of kidney mass, and the number of cystic and neoplastic lesions [@bb0470].

This model can be useful for mechanistic and therapeutic studies on *TFEB*-fusion associated RCC. This subgroup of RCC includes both clear cell and papillary histology, but in this animal model no analysis to distinguish the histological type was performed. It is worth stressing that kidney function in both models was severely impaired -- animals had highly increased blood urea levels and presented with albuminuria [@bb0470], what hardly ever occurs in humans with RCC. This complication shortened the animals' survival limiting the utility of this model in studies on long term effects of potential treatments.

Wt1^--/f^lH19^+/--m^Cre-^ERTM^ Mice {#s0100}
-----------------------------------

Nephroblastoma, or Wilms tumor, is the most frequent kidney tumor in children. At the molecular level it is characterized by various genetic alterations with most commonly loss of heterozygosity or loss of imprinting at the chromosomal region 11p15 resulting in biallelic expression of IGF2 observed in 70% of cases [@bb0580]. Moreover, approx. 20% of tumors harbor inactivating mutations of the *WT1* gene [@bb0585]. The first attempts to create a Wilms tumor model were based on the homo- and heterozygous knockdown of the *Wt1* gene, however, they were unsuccessful. Homozygotes lacked kidneys and died pre- or perinatally while heterozygotes did not develop kidney tumors [@bb0590], [@bb0595]. Based on this, Hu et al. [@bb0600] have created an GEM model with conditional ablation of the *Wt1* gene and constitutive IGF2 upregulation in the metanephric mesenchyme in mice. *Wt1*^--/fl^ mice received the H19^--^ allele that results in expression of the normally silenced maternal copy of IGF2 and Cre-ER^TM^, a tamoxifen-inducible Cre-expressing transgene. Embryos were treated in utero at E11.5 with a tamoxifen dose of 1 mg/40 g body weight, which resulted in *Cre*-mediated recombination in approximately 5%--10% of kidney cells and no decreased viability of mutant embryos. With this approach animals (*Wt1*^*--/f*^*lH19*^*+/--m*^*Cre-*^*ERTM*^*)* developed tumors at an early age, with palpable tumors observed at 9 weeks of age [@bb0600]. At 19 weeks of age 64% animals presented with tumors [@bb0600]. Significant neoangiogenesis was observed in tumors, as evidenced by a dense network of CD34+ microvasculature [@bb0605]. Moreover, significant impairment of renal excretory function of the affected kidneys was observed in all animals at later stages of tumor development with an almost complete destruction of kidney anatomy and the formation of large heterogeneous tumor masses with multiple urine-filled hemorrhagic cysts [@bb0605]. Histologically and molecularly mouse nephroblastomas recapitulate human histology with typical, triphasic tumors, with predominant blastemal and epithelial cells along with stromal elements as well as similar gene expression patterns [@bb0600]. Moreover, *Wt1* ablation and Igf2 upregulation in tumors results in up-regulation of glucose utilization during initial stages of tumor development, followed by a gradual decrease in tumor glycolytic activity, consistent with the development of large areas of hemorrhagic necrosis [@bb0605]. The same authors have tried to develop this model further by additional stabilizing *Ctnnb1* mutation under both the *Cited1-Cre* and the *Six2-Cre* recombinase that target nephron progenitors [@bb0610]. It resulted in the development of tumors with a predominantly epithelial histology, contrary to typical triphasic morphology with aberrations only in WT1 and IGF2.

To sum up, *Wt1*^*--/f*^*lH19*^*+/--m*^*Cre-*^*ERTM*^ mice are the only available GEM model of nephroblastoma with a high resemblance to human neoplasms. Moreover, some therapeutic strategies, like MEK inhibitors, have already been tested in this model [@bb0605].

Chemically-Induced Models {#s0105}
=========================

Before the era of genetic modifications most of the diseases were modeled *in vivo* by chemical compounds. When several compounds were tested for different applications in small animals, some of them developed renal tumors [@bb0615]. These observations led to trials to identify chemically-induced orthotopic models of RCC. There is a large range of chemically induced models of RCC, however, they have several limitations ([Table 2](#t0010){ref-type="table"}). They are usually induced by single administration of a chemical carcinogen that does not resemble exposure in humans, which is usually persistent and observed at much lower doses. Moreover, chemical substances do not act in a tissue or organ specific fashion and besides renal tumors they may also cause a variety of other lesions, including other malignancies what significantly limits the utility of such models in preclinical tests. On the other hand, these models allow us to study sequential stages in the carcinogenic process that lead to formation of heterogenous tumors presenting with different genetic aberrations between animals or even between tumors in the same animal. Moreover, in chemically induced models, tumors occur in immunocompetent animals which is crucial in studies on therapies targeting the immune system [@bb0620]. Below we summarize data about available chemically-induced models of RCC but we want to underline that most of them are rather historical and not used in RCC research nowadays. We also mention several examples where tumors produced in chemically-induced models can be a source of cancer cells for subsequent implantation in animals.

Streptozotocin-induced RCC {#s0110}
--------------------------

In 1977 Horton et al. [@bb0625] reported the incidental finding of renal tumors in Wistar rats with diabetes induced by a single injection of 25 mg/kg of streptozotocin, an antibiotic and diabetogenic agent produced by a strain of *Streptomyces achromogenes*. 45% (36/80) of animals developed renal tumors. Epithelial tumors, ranging in size from 0.5 to 22 cm, composed of large polygonal clear or granular eosinophilic cells, forming solid sheets or papillary glandular structures, were observed in 13/36 rats. Larger tumors presented with hemorrhage, necrosis and increased mitotic activity thus could be considered as equivalent to human adenocarcinomas. Moreover, 32 mesenchymal tumors, uniformly pale and mostly solid in appearance but with some cystic areas, arose in Wistar rats. 25% of them were clearly mesenchymal, while the remaining 75% had both mesenchymal and epithelial cells, mostly present in the form of tubules [@bb0625]. Microscopically, the mixed tumors resembled the nephroblastomas found in man [@bb0625]. Animals in this model did not form any distant metastases [@bb0625].

Kidney tumors resembling nephroblastoma were also found in spontaneously hypertensive (SHR) rats and Wistar rats treated neonatally with 37.5 to 70 mg/kg or 100 to 150 mg/kg of streptozotocin, respectively [@bb0630]. Incidence of renal tumors ranged from 10 to 40% but the study was performed on a small number of animals [@bb0630].

Later, Hard [@bb0635] created the first mouse model of streptozotocin-induced renal carcinoma. CBA/H/T6J inbred mice were treated with a single dose of 250 mg/kg i.v. streptozotocin at the age of 6 weeks. Tumors, usually multiple, occurred in 97% of female mice and 73% of the males at death, however, mean survival times were significantly shorter in males than females, 42.2 and 58.4 weeks, respectively. The authors suggest that lower incidence of renal tumors in males is associated with early mortality due to pyelonephritis rather than a difference in effectiveness of streptozotocin [@bb0635].

Based on the size and histology, only 60% of tumors in female mice and 31% in males were classified as carcinoma. Carcinomas were characterized by a diameter of over 2 mm, basophilic cells with cellular pleomorphism, prominent mitotic activity, hemorrhage, necrosis, local invasion. Smaller lesions (0.5 to 1 mm) were classified as papillary or solid adenomas. Adenomas of intermediate size (1 to 2 mm) appeared to be transitional stages between the papillary/cystopapillary adenomas and the more rapidly expansive carcinomas [@bb0635]. While streptozotocin-induced renal tumor cells have some ultrastructural features in common with human chRCC, the overall ultrastructural morphology differs significantly from various histological types of human RCC [@bb0640]. 22% of carcinoma-bearing females developed distant metastases, mainly to lungs, while no distant metastases were observed in males [@bb0635].

In another study, a similar approach was used in BALB/c and C57BL/6 mice [@bb0645]. When tumors were induced by single i.v. injection of 200 mg/kg streptozotocin, 33/180 (18%) of BALB/c and only 1/180 (\<1%) C57BL/6 mice developed renal carcinoma. To minimize the diabetogenic effect of streptozotocin, in further experiments mice received i.v. injections of streptozotocin 160 mg/kg on day 0 and 110 mg/kg on day 75, or 160 mg/kg streptozotocin on day 0. Histologically confirmed RCCs were observed in 10% of BALB/c after two i.v. injections and in 3% after a single injection of streptozotocin. Tumors from both groups were successfully repassaged, adapted to orthotopic transplantation and further underwent comprehensive histological and molecular characterization as SIRCC-1 and SIRCC-2 isolates, respectively. SIRCC-1 cells implanted orthotopically at a dose of 10^5^ cells presented slow progression *in vivo* with a mean survival time of 3 months. SIRCC-1 tumors had high heterogeneity and high potential to form lung metastases depending on the aggressiveness of the subclone. Tumor metastases were usually observed in animals by days 17 to 19, while some subclones had a significantly lower ability to form metastases. SIRCC-1 tumors developed extensive tumor-associated neovasculature and showed expression of proangiogenic genes, such as vascular endothelial growth factor, fibroblast growth factor 2, transforming growth factor β1 and β2, vascular endothelial growth factor receptors Flt1 and Flt4 and the angiopoietin R Tiel [@bb0645]. In contrast to human ccRCC, no *Vhl* or *Ras* mutations were found in SIRCC-1 tumors [@bb0645]. Intratumoral heterogeneity observed in SIRCC-1 tumors provides a setting in which experimental therapies can be tested against a backdrop of widely varying tumor cell phenotypes to discover the mechanisms of susceptibility or resistance to various anticancer drugs. Aggressiveness of tumors from BALB/c mice gives the possibility to utilize this model in the studies on regulation of metastasis formation.

Due to resistance of C57BL/6 mice to streptozotocin, higher doses of the drug (250 mg/kg i.r. on day 0 or 375 mg/kg i.v. on days 0 and 75) were tested [@bb0645]. Since only one RCC, not adaptable to serial transplantation, was found in the i.v. group of C57BL/6 mice, the ability of streptozotocin to induce renal tumors in this mouse strain is very limited [@bb0645].

It seems that induction of RCC by streptozotocin is not dependent on the *Vhl* or the *Ras* gene. Some authors suggests that hyperglycemia, resulting from specific destruction of the insulin-producing β-cells of the islets of Langerhans by streptozotocin, is the main trigger of the carcinogenesis in this model [@bb0650] but the reduction of glucose concentration by insulin injections or peritoneal implantation of porcine islets in diabetic Wistar-Furth rats did not protect the animals from development of renal carcinomas [@bb0655]. Similarly neither insulin treatment nor low-carbohydrate diet reduced the effects of streptozotocin in Wistar rats [@bb0625]. Because of the diabetogenic effect of streptozotocin, high mortality of animals can occur [@bb0645].

Typically, as carcinogenesis induced by chemicals is not completely specific to one organ or type of cells, tumors other than renal carcinomas were found in the streptozotocin-induced model. The most common alveologenic lung neoplasm was found in 87% of female and 35% of male CBA/H/T6J mice. Other concomitant tumors included liver, uterine and pancreatic tumors [@bb0635]. In BALB/c mice lung tumors were found in 20% of animals [@bb0645]. Even as low a dose of streptozotocin as 30 mg/kg can induce adenomas of pancreatic islets in up to 89% of rats [@bb0630], [@bb0660]. Also liver tumors, resembling hepatomas were observed in Wistar or SHR rats after streptozotocin injection [@bb0630].

An interesting observation was made by Reddi et al. [@bb0665] who reported potentiation of the tumorigenic potential of streptozotocin by cyclosporine A (CyA). In Wistar rats which after i.p. injection of 60 mg/kg streptozotocin received 10 mg/kg of CyA every 3 days for 20 weeks, renal tumors were found in 53.8% of animals while in the group not treated with CyA only in 12.5% [@bb0665]. The increased incidence of renal tumors in diabetic rats may be due to synergistic action of streptozotocin and CyA. Moreover, CyA impairs the production of interleukin-2 and thus suppresses the generation of T-cells [@bb0670], what can promote tumor growth by silencing the immune response of the host animal. It is not known whether CyA could potentiate renal tumorigenicity in nonchemically-induced animal models. Despite interesting observation, no further studies have been performed on combined use of streptozotocin and CyA in generation of RCC animal models.

Streptozotocin can be also combined with nicotinamide to induce renal tumors. Kato et al. [@bb0675] treated 6-week-old Crl:CD(SD) rats with i.v. injection of streptozotocin (50 or 75 mg/kg) and intraperitoneally co-administrated nicotinamide (350 mg/kg) twice, 10 min before and 3 h after the streptozotocin treatment. Over 60% of renal tumors were classified as renal cell adenomas, and many of them were of the basophilic type. The incidence of eosinophilic or clear cell type of tumors was lower than 10% [@bb0675]. Over 50% of animals develop concomitant tumors of liver, adrenal glands and pancreatic islets [@bb0675]. In contrast, Rakieten et al. [@bb0680] reported that nicotinamide can reverse the effect of streptozotocin -- the incidence of tumors was reduced from 77% observed after streptozotocin injection to 18% when nicotinamide was injected before and after streptozotocin, as described above. This discrepancy in the results is hard to explain because nicotinamide is a well known carcinogen and should rather increase tumor incidence.

Summarizing, wide discrepancies in the incidence of renal carcinomas, ranging from 0% to 77%, in streptozotocin-induced tumors should be underlined. These inconsistencies may be caused by different induction protocols, streptozotocin doses, animal strains and time of evaluation. However, significant changes are observed also even if the same dosing scheme and same strain is used, suggesting the heterogeneity of this model and non-specific molecular mechanisms leading to RCC development induced by streptozotocin. Moreover, a broad histological spectrum of renal tumors, from clear cell and chRCC to mesenchymal tumors, is observed. Those issues should be considered as limiting factors in the use of streptozotocin-induced tumor animal models in studies on RCC pathogenesis or therapy.

2-Acetylaminofluorene-Induced RCC in BALB/c Mice {#s0115}
------------------------------------------------

2-Acetylaminofluorene (2-AAF) has been proposed as another carcinogen useful in establishing a chemically-induced RCC model, however, only 108 of 25916 (0.42 %) Balb/c female mice treated with several dose levels of 2-AAF developed renal tumors, with 27% of them diagnosed as carcinomas and 63% as adenomas. The carcinomas were often bilateral or multifocal, varying from a diameter of 3 or 4 to 12 mm [@bb0685]. RCCs were composed of epithelial cells with granular eosinophilic- or basophilic-staining cytoplasm, small and round nuclei with mitotic figures. The arrangement of tumor cells showed a basic tubular pattern, but careful histologic studies revealed that they could be subdivided into the following three morphologic patterns: tubule-solid, tubule-papillary, and tubule-pleomorphic. Mouse RCC appeared to grow by expansion and sometimes replaced almost all of the renal parenchyma. The tumors were not encapsulated, but infiltration of the tumor into adjacent renal parenchyma was unclear [@bb0685].

Due to very low incidence of renal tumors 2-AAF cannot be used to induce RCC tumors in animals to create a reliable and reproducible model of this disease. However, this study proves the carcinogenic potential of 2-AAF.

Nitrosamine-Induced Renal Tumors {#s0120}
--------------------------------

Magee and Barnes [@bb0690] observed that dimethylnitrosamine (DMN) can induce kidney tumors in rats in 1962. This observation was extended by Swann and McLean [@bb0695] who demonstrated that a no-protein high-carbohydrate diet enhances the capacity of renal tumor induction, due to the decrease of microsomal enzyme activity in the liver and the increased amount of DMN reaching the kidney. A single i.p. injection of 50 to 60 mg/kg of DMN to immature female Wistar rats or 5-week-old male Porton rats, pre-conditioned for 3 to 5 days with a no-protein, sugar-only diet, has been used for induction of mesenchymal renal tumor with near 80% to 90% incidence [@bb0695], [@bb0700]. Moreover, up to 40% of animals developed concomitant epithelial tumors [@bb0700].

Renal mesenchymal tumors consist mainly of fibroblastic spindle cells which can be organized as fibrosarcoma, but other neoplastic features invariably present are stellate cells, often arranged in a reticular pattern as primitive mesenchyme, and smooth muscle fibers which can be sporadic or form areas of leiomyosarcoma. Other elements encountered less commonly are rhabdomyoblasts, striated muscle, cartilage, osteoid and extensive deposition of collagen. Characteristically, the tumors have poorly cellular myxoid areas as well as densely cellular areas [@bb0620], [@bb0705], [@bb0710]. These tumors partially resemble a small proportion of Wilms' tumors with similarity between rat tumor and the human connective tissue component by virtue of the range of neoplastic cell types which includes spindle cells, smooth muscle, and striated muscle fibers in both species [@bb0620]. Many similarities are also observed with congenital mesoblastic nephroma of infancy [@bb0620], a solely mesenchymal tumor with heterogeneous composition, including fibroblastic spindle cells, smooth muscle, and sequestered remnants of pre-existing tubules. Moreover, sheets of mesenchymal cells supported by a rich vascular network, heavy collagen deposition, liquefaction, and inclusion of tubular and cystic profiles resemble human clear cell sarcoma of the kidney [@bb0620].

Susceptibility to DMN induction of mesenchymal renal tumors is age-dependent with a peak of predisposition at 3 to 4 weeks, but declining rapidly after 6 weeks of age with no mesenchymal tumors formed in 5-month-old animals [@bb0715]. Older, more mature animals, exposed to DMN predominantly develop RCC [@bb0715]. It is necessary to reduce the dose of DMN to 20 mg/kg in neonatal animals in order to achieve approximately equivalent numbers of survivors [@bb0715].

The DMN model has been sequentially used to trace the pathogenesis of renal mesenchymal tumors [@bb0705], [@bb0710]. This model enables cell transfer to cell culture, which is particularly useful in studying chemical carcinogenesis and the evolution of cell transformation in kidney[@bb0720].

RCC can be induced by single i.p. injection of DMN at a dose of 30 mg/kg body in 9- to 10-week-old female Wistar rats following a 5-day schedule of high-sugar no-protein diet. This method resulted in about 90% incidence of cortical epithelial tumors with a 70% frequency of lesions classified as adenocarcinomas or carcinomas [@bb0725]. Those tumors consist of clear or granular cells arranged in acinar, papillary, or solid carcinomatous patterns and can be identified as originating from the proximal tubule [@bb0730]. Adenocarcinomas are usually preceded by microscopic foci of solid epithelial proliferations [@bb0735]. This model presented a 15% rate of distant metastases, mainly in lungs. However, almost 50% of animals with large tumors (2.9 cm in diameters or more) develop distant lesions [@bb0725].

When DMN-induced epithelial tumors in Wistar rats were screened, only tumors showing prominent swollen clear cell cytology with a signet-ring appearance had *Vhl* mutations that are characteristic for human ccRCC [@bb0740]. This observation suggests a closer correlation between RCC in man and clear cell tumors in animals treated with DMN but no further studies confirming this or presenting further genetic and molecular similarities have been published.

Another compound belonging to nitrosamines---N-ethyl-N-hydroxyethylnitrosamine (EHEN) is also an inducer of renal and liver tumors. It was first described by Druckrey et al. in 1964 [@bb0745]. Most studies were performed on the Wistar strain because it has higher incidences of renal lesions and neoplasms compared to the Fischer strain, moreover, males are more sensitive than females [@bb0750]. EHEN is metabolized to water-soluble products and excreted in the urine. Its metabolites do not induce any lesions in rats but induce lesions in the lungs of mice [@bb0755]. EHEN can be given in small doses with food or water for a short period of time. It results in a high degree of tumor induction, but with longer developing time and without frequent metastasis. In most studies EHEN was an initiator of renal tumors, and then other compounds were used to check their impact on the development of the initiated tumors. Some of them increased the number and size of renal tumors (like β-cyclodextrin) [@bb0760], others were used to observe their antitumor properties (like green tea catechin) [@bb0765].

EHEN induces renal tumors with a rather high incidence. In two studies on male Wistar rats EHEN was given with the diet for 2 weeks in concentrations 0.1% (30 week experiment) or 0.1% and 0.2% (40 week experiment), which resulted in 45% and 60% and 78% incidence of tumors, respectively. [@bb0770], [@bb0775]. In a longer 60-week experiment where young Wistar rats received EHEN in drinking water at dose 0.1% during one week, incidence of renal cancer and adenomas amounted to 47% [@bb0780]. In the same experimental lesions that were noted besides tubular hyperplasia were basophilic or eosinophilic cell adenomas, one case was eosinophilic cell adenoma with clear cells, renal tumors were basophilic cell carcinomas [@bb0780]. In the 40-week experiment lesions were not distinguished as precancerous or cancerous types. Observed atypical cells in kidneys were similar to the renal tubular cell tumors and possessed abundant clear or slightly basophilic cytoplasm, and a slightly enlarged nucleus. In renal tumors there were 3 types of cells: cells containing large clear cytoplasm with a large nucleus, cells with large cytoplasm and a small nucleus and cells with a papillary or trabecular pattern [@bb0775].

However, the mechanism of EHEN action is not fully understood but it was shown that oxidative DNA damage can play an important role. Treatment with EHEN results in formation of the DNA damage product 8-hydroxydeoxyguanosine (8-OHdG). Immunohistochemical staining confirms its presence in the nucleus of tubular epithelium in the renal cortex [@bb0750], [@bb0785]. PCR-SSCP analysis and direct sequencing show that similarly to Eker rats, in EHEN induced animals point mutations occur in *Tsc2*, but not in the *Vhl* gene [@bb0790]. Alterations in large parts of the genome were checked only by 2-dimensional gel electrophoresis of genomic DNA and they were not more specifically characterized [@bb0685]. Renal tumors induced by EHEN can be a source of tumor cells. The obtained tumor cell lines were injected by the s.c. route into nude mice and, as a result, gave poorly differentiated adenocarcinomas [@bb0795]. In another study tumors were induced in male Wistar rats fed a diet containing 0.1% of EHEN for 2 weeks, and followed by a s.c. injection of β-cyclodextrin at a dose of 45 mg/100g body weight once a day for a week. Tumors removed from these animals were transplanted three times in newborn Wistar rats, followed by either i.p. or s.c. injection into young Wistar rats (4-weeks old). S.c. injection resulted in tumors at inoculation sites. The i.p. route of inoculation led to faster growing tumors than s.c., in half of the inoculated animals there was invasion to the spleen, liver, stomach, peritoneum, intestine and lungs. Metastasis to the lung was observed only in two cases out of 12 i.p. inoculated rats. The transplantable tumor cells give alveolar or papillary patterns [@bb0800].

Ferric Nitrotriacetate-Induced RCC model {#s0125}
----------------------------------------

In 1986 Ebina et al. reported that the use of use of ferric nitrotriacetate (Fe-NTA) in Wistar rats leads to high incidence of RCC [@bb0805]. Fe-NTA is an iron chelate that was found to cause oxidative modification in the kidney, including DNA base modifications such as 8-oxoguanine, thymine-tyrosine cross-links, thiobarbituric acid-reactive substances, saturated and unsaturated mutagenic aldehydes such as 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA), and HNE- or MDA-modified proteins [@bb0810]. When Fe-NTA was tested for nephrotoxicity and carcinogenicity in Wistar rats, 14 of 18 animals, that survived 1 year after sublethal doses of Fe-NTA (5 to 7 mg Fe/kg for 3 weeks), developed primary RCC. In further studies Fe-NTA was injected i.p. according to the protocol: 5 mg iron/kg for 3 days, 10 mg iron/kg for the next 2 days and then 5 days a week for 11 weeks [@bb0815], [@bb0820]. RCC induction rate was approximately 50% - 68% [@bb0815], [@bb0825]. The histological subtype of tumors in this model is unclear. Li et al. [@bb0815] reported that tumors resemble human non-clear cell RCCs, Athar et al. [@bb0830] described acinar and papillary tumors, while Vargas-Olvera et al. [@bb0825] published a report where all tumors had typical clear-cell histology. Different morphological patterns reported in these studies may be due to the use of different experimental animal strains, differences in schemes of treatment to induce RCC, and changes in histological classifications of RCCs. Up to 50% animals with RCC developed metastases to the liver, lungs or peritoneum [@bb0805], [@bb0815]. Metastatic potential has been positively correlated with tumor grade [@bb0835]. Besides RCC a few cases of mesotheliomas [@bb0815] and renal lymphoma [@bb0840] induced by Fe-NTA were found in animals.

Reactive oxygen species (ROS) and the Fenton reaction are proposed as the main mechanisms underlying Fe-NTA-induced RCC. Considering the non-specific nature of ROS reactions, it is crucial to determine whether certain genes are selectively damaged by ROS or the whole genome is randomly damaged. Genetic alterations leading to RCC in this model are not fully known and present some significant differences in comparison to human RCC. Low or no incidence of genetic alterations in the coding region of *H-, K-* and *N*-*Ras* oncogenes, *p53, VHL and TSc2* tumor suppressor genes have been recorded [@bb0815], [@bb0835]. Array-based CGH profiling showed that genomes of the Fe-NTA-induced rat RCCs are often complex and have many extensive chromosomal alterations [@bb0845]. The most common alterations were losses of chromosome regions, especially for chromosomes 3, 5, 6, 8, 9, 14, 15, 17 and 20, or frequent amplification over a long pericentromeric region in chromosome 4 [@bb0845]. High frequency of loss of heterozygosity (\>40%) was found on rat chromosome 5, syntenic to human chromosome 1 and 9, that contains p15^INK4B^ (p15) and p16^INK4A^ (p16) tumor suppressor genes [@bb0820]. This observation was confirmed by aCGH where deletions in the *Cdkn2a/2b* locus, containing p15, p16 and p19 genes, were frequently observed [@bb0845]. The second copy of these genes can be inactivated by somatic mutations or 5' CpG island methylation; this has been observed in 33.3% of cases in the p16 gene [@bb0820]. The *Met* oncogene resides in the most common overlapping genomic section of chromosome 4 what results in a greater than 5-fold increase in *Met* mRNA expression in 66.6% of analyzed Fe-NTA induced RCCs [@bb0845]. The pattern of alterations in Fe-NTA-induced rat RCC is most similar to human RCCs, followed by human malignant mesothelioma [@bb0845]. In this renal carcinogenesis model, preferred alterations were *Cdkn2A/2B* deletion and *Met* amplification.

Chemical induction of RCC by Fe-NTA was also used to develop cancer cells that underwent implantation in the syngeneic model. Kobayashi et al. [@bb0850] described a model in which rat renal cancer cells were established from immunocompetent ACI rats exposed to Fe-NTA. Additionally, a part of these cells was transformed to produce luciferase for further bioluminescence *in vivo* imaging. 1x10^6^ tumor cells were injected into the abdominal subcutaneous space. About one week later the formed tumors exhibited moderately differentiated carcinoma of the basophilic cell type. In an orthotopic injection (in the same concentration) into the left renal subcapsular space metastatic spread to the lung was observed about 2 weeks after inoculation. Modified cells with expression of luciferase also formed metastasis in lungs in a similar time after implantation [@bb0850].

Due to not fully understood genetic mechanisms of the non-specific action of Fe-NTA and ROS, long time to tumor induction, no consistent data about histological subtype of tumor and co-occurrence of mesothelioma, use of this RCC model in cancer research is very limited. However, it could potentially be useful in studies on the role of oxidative stress in carcinogenesis or be a source of cancer cells for transplantation.

20-Methylcholanthrene-Induced Renal Tumors {#s0130}
------------------------------------------

Stevenson et al. [@bb0855] induced a variety of renal tumors by implantation of cotton strings impregnated with 20-methylcholanthrene in the kidney of C57BL6 mice. During 5 to 7 months of experiments, 53% of animals developed renal tumors, half of them being renal carcinomas and half spindle-cell sarcomas. Despite the well-known potential to induce experimental sarcomas by 20-methylcholanthrene, it has not been successful in creation of renal sarcoma models, mostly due to lack of specificity and possible development of renal carcinomas [@bb0855], [@bb0860].

Other Compounds Inducing Renal Tumors {#s0135}
-------------------------------------

There are studies of several dozen compounds that can cause renal tumors [@bb0865]. Although lesions caused by these compounds are similar to those found in humans or in animal models, for example potassium bromate (KBrO~3~) induces clear cell renal tumors in male Fisher rats [@bb0870], consumption of mycotoxins like ochratoxin induces lesions similar to the ones found in Eker rats [@bb0875] or Fumosin B1 results in tumors with high anaplasia and metastasis to lungs [@bb0880], these studies do not establish new distinct animal models for renal tumor research.

Models in Immunodeficient Animals {#s0140}
=================================

Immunodeficient animals are organisms that have an impaired capacity for fighting infections and generate immune response against tumor cells. Wide application of this approach in oncology studies was an effect of discovery of two groups of immunodeficient animals: firstly, nude mice [@bb0885] and later severe combined immunodeficient (SCID) mice [@bb0890]. Athymic nude mice are hairless, which is an effect of a Forkhead box protein N1 mutation (*Foxn1*^nu^). They also lack a thymus and are T-cell deficient but produce functional B-cells at the same time [@bb0895]. SCID mice have a single nucleotide polymorphism in the DNA-dependent protein kinase of catalytic polypeptide *Prkdc* gene (*Prkdc*^scid^). This mutation affects both T and B lymphocytes [@bb0890]. SCID rodents display less pronounced immunoreactivity than athymic nude mice to the implanted cancer cells what results in greater receptivity to tumor xenotransplantation [@bb0900]. Recently, several promising transgenic models have become available, including humanized NOD/scid/IL-2γ-receptor null (NSG) mice [@bb0905]. NSG mice not only have the SIRP1α polymorphism of the SCID mouse, which enables SIRP1a-CD47 interactions and prevents phagocytosis of human cells by murine monocytes, but also lack the common gamma chain (IL-2Rγc), resulting in NK cell deficiency and a lack of IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 signaling [@bb0910]. All immunodeficient animals allow transplantation of cells originating from all of the tissues from other species, most importantly humans, without rejection. Based on this, xenografts formed by implantation of human cell lines and various kinds of patient derived cells can be formed with immunodeficient animals.

Xenograft Models {#s0145}
----------------

Xenograft models are based on the implantation of tumor cells or tissue samples into immunocompromised animals, mostly mice. Xenografting into mice has advanced pre-clinical cancer research significantly by permitting a complete and accurate study of tumor growth and evaluating the therapeutic efficacy of novel anti-cancer drugs. Specimens of RCC tumors usually originate from biopsy/surgery samples of human primary or metastatic tumors and such model are called "patient derived xenografts" (PDX) and are described further in this article. Conventional xenograft RCC models are constructed by implantation of tumor cells from commercially available cell lines. Cells can be implanted orthotopically under the kidney capsule or ectopically, usually subcutaneously. Other routes of ectopic implantation of tumor cells include i.p., intravenous or intramuscular.

The main advantage of orthotopic models is the fact that the tumor is formed exactly in the tissue where it originated and thus allows taking advantage of the circulatory system, local cytokines and surrounding stromal cells along with the extracellular matrix components of the tissue to study metastasis for human subjects [@bb0915], [@bb0920]. On the other hand, the procedure of cell implantation under the renal capsule requires surgery under anesthesia, is more stressful for the animal, can be associated with additional inflammation caused by surgical cuts or sutures and can lead to higher mortality and morbidity [@bb0925]. Moreover, when working with orthotopic models, more advanced imaging techniques like bioluminescence, ultrasound, computed tomography or magnetic resonance imaging, are necessary to monitor tumor development since it is not visible with the naked eye.

Ectopic, subcutaneous models are much easier to develop -- they do not require anesthesia and the injection takes a few seconds. Tumors are easily visible under the skin and can be measured with simple calipers. However, the microenvironment does not completely resemble the one observed in the kidney. On the other hand, we should be aware that in RCC most of the patients undergo nephrectomy and systemic therapies are used for treatment of metastases, that can be localized in any organ, thus the tumor niche identical as in the kidney could not be necessary for studies on new therapies.

The key issue in xenograft models is the selection of an appropriate cell type and number of cells. For the pRCC the most commonly used cell lines are ACHN [@bb0930] and Caki-2 [@bb0935], [@bb0940], while for ccRCC Caki-1[@bb0945], [@bb0950], [@bb0955], [@bb0960] and 786-O [@bb0945], [@bb0960], [@bb0965], [@bb0970], [@bb0975] [@bb0980]. Other lines that have been used less often include among others 769-P [@bb0985], RCC4[@bb0990], SMKT-R [@bb0995], SKR-RC [@bb1000], SN12K-1 [@bb1005], RC29-MK [@bb1010] and SKRC-17 [@bb1015]. Cell lines for other tumors, e.g. the G401 cell line that enables xenograft studies on rhabdoid kidney tumor [@bb1020] or UOK262 -- a cell line of hereditary leiomyomatosis renal cell carcinoma [@bb1025], [@bb1030] are also available.

Some RCC cell lines have not been proved to be tumorigenic in nude mice: 769-P, SK-RC-7, TK 10, TK 164 UM-RC-6, or UOK108 [@bb0945], [@bb0980], [@bb1000], [@bb1035], [@bb1040], [@bb1045]. Moreover, some cell lines are tumorigenic but the tumor histology does not resemble human neoplasms as for example with nephroblastoma cell lines WiT49 an 17.94 that when inoculated under the renal capsule do not produce blastema-containing triphase Wilms tumors [@bb1050]. There were also serial studies using the SK-NEP-1 cell line to create nephroblastoma xenografts [@bb1055], [@bb1060], [@bb1065], however, recent studies showed that this cell line is related to Ewing sarcoma, not nephroblastoma, and should not be used for such purposes [@bb1070].

The number of injected cells varies significantly between authors from 2x10^4^ [@bb0985] up to 2x10^7^ [@bb0990] with the majority using approximately 1-5×10^6^ [@bb0950], [@bb0960], [@bb0975], [@bb0995]. Cancer stem cell-like side population cells might have higher tumorigenic potential than non-stem cells, as it was shown for stem cells derived from the 769-P cell line, which were tumorigenic when only 200 cells were implanted s.c., while non-stem cells required at least 20000 cells [@bb0985]. The cell number required to form a tumor can depend on the cell line, passage, animal strain, route of injection, individual conditions and requirements of the investigator. Cells from highly tumorigenic lines can form a tumor even when injected in low numbers but they will require a longer period to develop a visible lesion. For drug testing usually a volume of approx. 100 mm^3^ or more is required before administration of the tested compounds -- depending on the cell line and the number of cells, tumors of such volume develop after around 2 to 4 weeks. Cells can be suspended in neutral buffer or culture medium with or without solubilized tissue basement membrane matrix rich in extracellular matrix proteins that can facilitate the establishment of xenografts [@bb1075].

Some modifications of orthotopic implantation methods were proposed by different authors. Chapman et al. [@bb0950] in their study first created a tumor in a BALB/c nude mouse by injecting approximately 1x10^5^ Caki-1 tumor cells s.c. and once the tumors reached a size of 400 to 500 mm^3^ they were fragmented into roughly equal size 2 × 2-mm tissue chunks and implanted into the flanks of the experimental BALB/c nude mice. When the secondary tumors reached an appropriate size, the animals were randomized for further experiments [@bb0950].

Even though immunocompromised mice are the most commonly used for xenograft formation, there are single observations for rat models. An example of human ccRCC xenograft in the athymic nude rat was described by Buvall et al. [@bb1015]. In these animals after suppression of B cell-mediated immune response by irradiation, 1x10^7^ SKRC-17 human derived tumor cells were implanted s.c. in the rat shoulder region. Tumors arose during the period of several days. This model was developed to test the anti-cancer potential of orellanine and has not yet found wide application.

### Metastases in Xenograft Models {#s0150}

One of the most challenging issues in xenograft models is the simulation of metastatic disease. Already in 1986 Naito et al. [@bb1080] published a study in which they showed that transplantation of a human RCC tissue sample under the skin or under the renal capsule is tumorigenic and subcapsular inoculation leads to metastatic spread into the liver and peritoneum. Different cell lines derived from primary tumors or metastases were metastatic when injected subcutaneously, intravenously, into the spleen or under the renal capsule, however, their effectiveness in formation of metastases varied between different cell lines and routes of administration. The subcapsular route seems to give the highest rate of successful development of metastases and resulted in extensive metastasis to the lungs and in all peritoneal organs. The potential of orthotopic models to develop distant metastases has been confirmed in later studies [@bb1085] [@bb0920].

An et al. [@bb0920] compared two approaches of subcapsular xenografting: surgical orthotopic implantation (SOI) of histologically intact tumor tissue obtained from a previous subcutaneous tumor from SN12C cells, and cellular orthotopic injection of SN12C cell suspensions (COI). The SOI method resulted in 2 to 3 times higher metastatic rate when pieces of tumor tissues were used. Moreover, primary renal tumors were also of higher grade and had richer vasculature in the SOI model than in COI. This study can be considered an ancestor of PDX.

Additionally, Kozlowski et al. [@bb0965] showed that use of 786-O cells can lead to formation of lung metastases when given i.v. (1×10^6^), subcutaneously (0.5-1×10^6^) or into the spleen (5×10^5^), with the frequency of 73%, 20% and 60%, respectively. Moreover, when cells were injected into the spleen, metastases in liver and regional lymph nodes could be found.

### Bone Metastases Models {#s0155}

Models of bone metastases of RCC have gained attention in different tested approaches. 786-O cells form osteoclastic bone metastases when inoculated in the left heart ventricle (5x10^5^ or 1x10^6^ cells) of an athymic nude mouse with 100% frequency within 50 to 80 days [@bb1090], [@bb1095]. Interestingly, no metastases in other organs were found in one study [@bb1090] while in another lesions in liver and lymph nodes were present [@bb1095]. ACHN cells have the same properties when injected intracardially (3×10^6^) [@bb1100] or i.v. (5×10^5^) [@bb1105] in nude mice which develop bone metastases within at least 3 weeks. Sunitinib was tested in this model and showed significant activity against bone metastases [@bb1100].

Bone metastases can also be obtained by inoculation of 786-O or RBM1 cells in the bone, e.g. tibia, however, this method is characterized by approx. 50% engraftment success and development of the lesion only in the inoculation site [@bb0970], [@bb1110]. In another study a piece (\~0.3 mm × 0.3 mm) of the previously harvested subcutaneous tumor of ACHN origin was placed onto the decorticated spinous process and lamina in NOD/SCID mice to form spinal metastases that were present at 12 weeks after surgery [@bb1115].

D'Amico et al. [@bb1120] described the "human-in-mice" model of bone metastases. First, they transplanted a small fragment of human bone into the flank of NOD/SCID mice and later injected human RCC stem cells, isolated from the primary tumor, subcutaneously in Matrigel in the proximity of the bone graft or intracardially. 53% of animals developed metastases in the engrafted bone and 25% also had lung metastases. Because stem cells were c-MET positive, c-MET inhibitor JNJ-38877605 was tested with this model resulting in a complete blockade of bone metastasis development.

Currently, more effort is put into the development of patient derived models of bone metastases. Valta et al. [@bb1125] constructed the first human RCC bone metastasis model using a patient-derived tissue slice graft (TSG) technique. 300-μm thick slices of fresh RCC tissue obtained during nephrectomy were implanted under the renal capsules of immunodeficient RAG2^−/−^γC^−/−^ mice. Most of the animals developed bone metastases while some also presented with soft tissue metastases. Importantly, similar engraftment rates were observed when cryopreserved TSGs were used allowing the use of bio-banked RCC tissues, e.g. at the moment of disease progression to test possible therapeutic options. The frequency of metastasis development was different for each patient sample but correlated with the further course of the disease in the human. This indicates that TSGs can be predictive of metastatic disease and may provide prognostic information for RCC management.

Patient-Derived Xenograft (PDX) {#s0160}
-------------------------------

PDX are cancer models where the patients' tumor tissues or cells are implanted into immunodeficient or humanized mice. The orthotopic xenograft model of RCC formed by subcapsular injection may preserve histological, immunophenotypic and genetic features of tumors in patients [@bb1130], [@bb1135]. In large study with RCC, PDX models achieved an engraftment rate into NOD-SCID IL2Rg^-/-^ mice of 45% [@bb1140]. Importantly there were no significant differences in engraftment between samples obtained from biopsy and surgically resected tumors (58% vs 41%; p = 0.3) or between metastatic and primary tumors (54% vs 34%; p = 0.091). Lang et al. also observed that the engraftment rate increases with the Fuhrman grade, from 0% success rate for grade 1 to 36.1% for grade 4 [@bb1145]. A similar observation was made for tumor stage and sarcomatoid differentiation [@bb1145]. As observed in previous studies, histology, genetic alterations and therapy responses were preserved in PDXs [@bb1140], [@bb1145]. Sanz et al. reported that RCC PDXs can maintain human endothelial cells 35 days after implantation [@bb1150]. There are also single studies with PDX models for kidney tumors other than RCC, e.g. nephroblastoma tumor samples or cell suspensions xenografted subcutaneously or under the renal capsule [@bb1055], [@bb1155], [@bb1160]. Ascites fluid can also be used as the source of the tumor cells for the formation of PDXs, however, it resembles more cell line-derived xenografts than PDX methodology [@bb1140]. A detailed, validated protocol for RCC PDX formation is available [@bb1165]. Shibasaki et al. have established two primary PDX models of Grade 2 \>3 and Grade 3 ccRCC named KURC1 and KURC2, respectively [@bb1170]. Both of these PDX were able to recapture the histopathological features and architecture of the original tumors [@bb1140], [@bb1170]. Sivanand et al. developed and validated large scale PDX models for the evaluation of molecularly targeted therapies for RCC [@bb1175]. Samples from 94 patients with kidney cancer were implanted for establishing PDX models. More than 90% of PDX were from RCC and 75% were of the ccRCC subtype (87% have the *VHL* mutation). Detailed analysis of these orthotopic PDX models revealed that most of them retained not only histological features of the corresponding RCC patient tumors but also gene expression patterns, DNA copy number alterations, point mutations and indels from the same RCC patient [@bb1175].

The success rate of preclinical research for oncological compounds tested in clinical trials from first-in-man studies to compound registration is less than 5%. The major causes of this failure rate in clinics were lack of efficacy (30%) and safety (toxicology and clinical safety amounting to as high as 30% ) [@bb1180]. The root causes of the compound attrition in clinics were poor understanding of the human cancer complexity and limited predictive value of preclinical models used to test new cancer compounds [@bb1185], [@bb1190]. Use of above-mentioned conventional cell-line derived xenograft models has improved our understanding of cancer development and the mechanisms of drug actions. However, they have major limitations like inappropriate tumor microenvironment and lack of tumor heterogeneity. As a consequence, the idea of PDX models, which can produce clinical outcomes that can be observed in the individual patient donors, arose. In comparison to conventional xenografts, immunocompromised mice bearing subcutaneous surgically-derived patient tumor samples (PDX models) are better aligned with human cancer pathophysiology [@bb0050]. PDX models enable to better preserve tumor architecture than conventional xenograft models which are compromised by *in vitro* cell adaptation before injection ([Figure 2](#f0010){ref-type="fig"}). To date PDX models most accurately represent the tumor heterogeneity and reflect tumor-stroma interactions of the original tumor [@bb1195], [@bb1200]. These models are now becoming an important tool to recapitulate the clinical situation of RCC patients, particularly in drug development and studying the mechanisms of metastasis and drug resistance [@bb1125], [@bb1205], [@bb1210], [@bb1215], [@bb1220]. In fact, PDX models were used for testing novel targeted therapies, such as multi-targeted tyrosine kinase inhibitors (TKI) sunitinib [@bb1145], [@bb1170], [@bb1225], mTOR inhibitor everolimus [@bb1145], MET inhibitor savolitinib [@bb1210], [@bb1225] and dovitinib (CHIR-258) [@bb1175]. Tumor progression was observed in KURC1 after 4 weeks of sunitinib treatment, while KURC2 retained its sensitivity to sunitinib for more than 6 months. The sunitinib resistant profile was successfully reproduced when KURC1 tumors that acquired resistance were transferred to other xenografts. These KURC1 transferred xenografts were found to be completely resistant to sunitinib and maintained the ccRCC histotype [@bb1170]. Furthermore, upregulation of IL-13 receptor, alpha 2 (IL13RA2) was found as a candidate molecule responsible for the acquired resistance to sunitinib in ccRCC in this PDX model. Diaz-Montero et al. used the PDX model to circumvent the sunitinib acquired resistance by combining sunitinib with MEK inhibitor [@bb1225]. The Ren-02 PDX model established from a metastatic ccRCC patient retained the ccRCC phenotype and acquired sunitinib resistance after 30 days (approx. 4 weeks) of treatment. Development of the acquired sunitinib resistance was similar to that observed clinically in metastatic ccRCC patients [@bb1230]. Two other PDX models of pRCC, RCC-43b from metastatic pRCC and RCC-47 from a primary lesion, were also used for studies with MEK inhibitors [@bb1210]. Another important aspect of Simvad study was that the PDX models were able to reproduce drug responsiveness as observed in clinical responses of the RCC patients. In addition, dovitinib, a multi-targeted TKI, was able to inhibit tumor graft growth in these PDX models [@bb1175].Figure 2Development of patient-derived xenograft (PDX) and cell-derived xenograft (CDX) models in clinical oncology. A sample of tumor tissue is obtained from patient and transplanted into immunodeficient mice to form PDX. Further, tumor from the PDX can be transplanted to another animal to create PDX or primary tumor cells can be isolated and transplanted into mice to create CDX. Both approaches allow testing different therapeutic strategies, e.g. chemotherapy, radiotherapy or targeted therapy.Figure 2

Despite many advantages of PDXs, one must be aware of their limitations. Tumors that successfully engraft in mice are usually more aggressive, and thus less aggressive ones are underrepresented in the studies. Moreover, tumors derived from metastatic sites tend to engraft at higher frequencies than from the primary site [@bb1175]. However, this can be considered as a prognostic factor and tumors that fail to engraft are the tumors of lower aggressiveness and a lower risk of developing distant metastases in the human. The engraftment success rate may vary depending on the tissue sample, e.g. necrotic samples or those with few tumor cells may not engraft at all, and it is challenging to predict the timing of growth [@bb1165], [@bb1235]. Moreover, NOD/SCID mice may develop thymic lymphomas and malignant lymphocytes can infiltrate the tumor, thus a sample should be closely monitored between each serial passage [@bb1165].

Avatar Models {#s0165}
-------------

Personalised medicine, also called precision medicine, aims to reach beyond the "one size fits all" approach to treatment and promotes the use of "tailored therapy" for each patient. In this approach, based on pharmacogenomics and gene expression profiling, physicians should be able to personalise the treatment to achieve the highest safety and efficacy in a particular patient. Avatar model is a personalized PDX that is derived from a patient tumor sample and used to test different active compounds for the particular patient. Development of avatar models is a new tool for personalized medicine which entails implantation (either subcutaneous or orthotopic) of patient tumor cells into immunodeficient mice for drug efficacy studies ([Figure 3](#f0015){ref-type="fig"}). Avatar models allow physicians to culture a patient's tumor in an *in vivo* system. This system can also be used to identify a personalised therapeutic regimen which can be superior to non-targeted therapies in terms of costs and toxicities, i.e. radio/chemotherapy [@bb1240].Figure 3The general approach of avatar models in clinical oncology. Samples of tumor tissue are obtained from different patients and implanted into immunodeficient animals to create avatar models that resemble individual patients. This allows testing different therapeutic strategies, e.g. chemotherapy, radiotherapy, targeted therapy or immunotherapy and selecting the best therapy for a particular patient.Figure 3

In RCC, avatar models were used to predict response/resistance to anti-angiogenic drugs (sunitinib) in first and second line therapy [@bb1245]. A unique panel of 12 patient-derived avatar models was developed by orthotopic implantation of primary and metastatic tumor biopsies from RCC patients. In this study, avatar models were treated with first-line drugs and at the moment of resistance development treatment was switched to different second-line drugs. Such avatar models successfully reproduced each patient's histological type, metastatic capacity and the time to tumor growth significantly correlated with the clinical outcome in each original patient [@bb1245]. Moret et al. [@bb1250] used another approach with sub-capsular injection of luciferase-tagged cell lines derived from 2 RCC patients. They compared different combinations of two antineoplastic drugs (out of three possible: sunitinib, everolimus, pazopanib) proving a different response for each patient.

Recently, avatar models have been proposed as a promising approach for prediction of immunotherapy response in RCC. In a pioneer study, pieces of tumors were engrafted into the chorioallantoic membrane of avian embryos and later programmed cell death 1 (PD-1) and programmed death-ligand 1 (PD-L1) checkpoint inhibitors were injected intravenously [@bb1255]. High frequency ultrasound enabled quantification of changes in tumor volume, vascularity and tumor infiltrating lymphocyte (TIL) expansion in the tumor. The authors have observed different responses to immunotherapy over a short period of treatment (8 days). Avatar models possess the advantage of preservating the natural tumor microenvironment with TILs and no need for humanized models. They can become a useful tool to predict personalised response to checkpoint inhibitors and molecularly targeted therapies, however, larger studies and verification are required since the first study included specimens from only three patients.

Humanized Mouse Models {#s0170}
----------------------

After decades of failed conventional therapies, the focus is now on "proof of concept" pre-clinical and clinical trials of cancer immunotherapy. Remarkable progress has been made in clinical application of immunotherapies in a variety of cancers including RCC. The most notable targets are immune checkpoint proteins such as cytotoxic T lymphocyte antigen 4 (CTLA-4 or CD152), PD-1 or CD279 [@bb1260]. Furthermore, there is a great interest in the innate immune cells such as natural killer (NK), tumor associated macrophages and dendritic cells in the cancer context including recognition and followed by antigen presentation and adaptive immunity [@bb1265]. However, the development of these novel immunotherapies is often challenged by discrepancies observed between *in vitro* and *in vivo* study and actual clinical trial outcomes. These discrepancies may be attributed to the lack of clinically relevant models for human immunotherapy drug testing in the human immune environment. Undoubtedly, there is a great need for establishing PDXs and avatar models with the human immune microenvironment - "humanized mice" for basic and translational research. The functional immune system can be developed in NSG (NOD-*scid Il2rg−/−)* and NCG (NOD-*Prkdc*^*em26Cd52*^*Il2rg*^*em26Cd22*^*/*NjuCrl) by transplanting human hematopoietic stem cells (HSCs) or peripheral blood mononuclear cells (PBMCs) that further differentiate into functional immune T cells, NK cells and monocytes ([Figure 4](#f0020){ref-type="fig"}) [@bb1270]. In a recent study, an orthotopic RCC tumor model was established by injecting 5 x 10^4^ engineered CAIX expressing SKRC-59 cells into NSG mice [@bb1275]. After 4 days of tumor engraftment the mice were humanised by i.v. injection of 1 X 10^7^ PBMCs from a healthy human donor. The results showed that CAIX antibody was able to mediate human immune response by priming T-cell activity and tumor infiltration by NK cells in inhibition of RCC growth in humanised NSG mice. However, humanized mice can be an ideal model to study onco-immunology based therapies in *in vivo* settings but still require further improvement. For example, the most likely risk associated with humanization is the development of graft versus host disease (GvHD) if the NCG mice engrafted with human PBMCs or HSCs and cancer cells would develop GvHD before the endpoint of the study [@bb1280]. Weight loss of more than 15% of original starting mouse weight is a sign of GvHD development and that might require euthanasia. However, to overcome this issue, use of HLA matched PBMCs and cancer cells from same the patient can be employed for mouse engraftment [@bb1285].Figure 4Generating a humanised mouse model for onco-immunology research. (a) Human PBMCs or HSCs were injected before the tumor cell transplantation and later these mice were used as a model for immunotherapy. (b) Tumor cells were transplanted first and later mice were humanised with the human PBMCs or HSCs for immunotherapy. In both approaches the human immune environment has to be confirmed by collecting peripheral blood before and after humanization of mice and by analyzing human immune cells using flow cytometry.Figure 4

Other Models {#s0175}
============

Apart from the conventional mouse and rat models, other vertebrates such as zebrafish (*Danio rerio*) and dogs (*Canis familiaris*) are emerging as powerful model organisms to improve understanding of human pathophysiology of renal diseases. Zebrafish has gained much attention in studies recapitulating human renal genetic abnormalities as the larval zebrafish pronephrons share remarkable similarity with human nephrons in terms of pathology [@bb1290].

Alterations of the tumor suppressor *VHL* gene are frequently reported in pathogenesis of ccRCC. Noonan et al. described *vhl*−/− zebrafish embryos and assessed pronephric epithelial cells for the features of ccRCC. Examination of the *vhl*−/− proximal pronephric tubules revealed structural abnormalities, abundant cytoplasmic vesicles, increased glycogen accumulation, higher cellular proliferation and significantly higher cell death as compared to the wt siblings. The features markedly recapitulate the characteristics of human ccRCC indicating *vhl*−/− zebrafish embryos as a promising model organism to study early stage RCC [@bb1295].

In recent years, great attention was given to using the domestic dog, *Canis familiaris* as a model organism to study human malignancies. With the advancements in comparative oncology and genome sequencing approaches canine tumors were observed to be similar to human neoplasms and can be used as representative models to explore new therapeutic interventions [@bb1300]. Canine models are already being utilized to study osteosarcoma [@bb1305], leukemia [@bb1310], [@bb1315], [@bb1320], breast cancer [@bb1325] and soft tissue sarcomas [@bb1330], [@bb1335]. Clinical trials for various pharmacological molecules including liposomes encapsulating drugs [@bb1340], [@bb1345] and several inhibitors of tyrosine kinases, including VEGF, PDGF, KIT, and FLT3 inhibitors, were tested in dogs [@bb1350], [@bb1355]. New immunotherapy approaches utilizing interleukins IL-12 and IL-2 are also being evaluated in dogs [@bb1360].

Maekawa et al. describe the role of the PD-1/PD-L1 pathway as an immunotherapeutic target against RCC utilizing a canine tumor model. PD-1, an immunoinhibitory receptor, is involved in the immune evasion of tumor cells. Canine melanoma, mastocytoma and RCC, expressed PD-L1. Human RCC patients with tumor PD-L1 also show significant increase in tumor progression and high mortality suggesting that PD-L1 is associated with poor prognosis in patients with tumors. Thus inhibiting the PD-1/PD-L1 pathway using inhibitory molecules or PD-1 antibody may help reverse the symptoms and may inhibit cancer progression [@bb1365].

In 1985, Lium and Moe [@bb1370] noticed hereditary renal cystadenocarcinomas and nodular dermatofibrosis (RCND) in German shepherd dogs. Bilateral and multifocal cysts of various sizes were found in each kidney. In areas of the renal cortex several types of lesions (hyperplastic and dysplastic proliferations, neoplastic transformations) of renal tubular epithelial cells were present. The observed metastatic sites were situated in the sternal lymph nodes, liver, lung, renal and other abdominal lymph nodes, pleura, peritoneum, spleen and bones [@bb1370], [@bb1375]. Some of the features described above of renal cystadenocarcinomas in dogs were similar to these found in Eker rats. However, later studies showed that lesions in dogs occurred with a mutation in the *Flcn* gene and not in the *Tsc2* gene [@bb1380]. Mutations in the *Flcn* gene in humans are connected with the BHD syndrome, which predisposes to a wide spectrum of renal tumors (hybrid oncocytic tumors, chromophobe and clear cell carcinomas, renal oncocytosis) [@bb1385].

In Vivo Imaging Techniques in Preclinical RCC Research {#s0180}
======================================================

Involvement of non-invasive or low-invasive high resolution imaging techniques in preclinical RCC research provides a unique opportunity for 'real time' *in vivo* tracking of tumor development. These techniques may provide a variety of valuable information at morphological, physiological and molecular levels. They allow substantial reduction of animal numbers, e.g. because of the ability to monitor disease/therapeutic effect in the same animals, provide high quality results with minimal invasiveness and allow precise determination of humane endpoints in oncology research. Therefore these techniques fully comply with the 3R rules (Replacement, Reduction and Refinement) [@bb1390].

The applicable preclinical imaging techniques (modalities) are ultrasound (US) imaging, optical imaging, computed tomography (CT), positron emission tomography (PET) and magnetic resonance imaging (MRI). All these methods have their strengths and weaknesses, in particular in terms of costs, time of acquisition, spatial and temporal resolution and kind of information acquired. A short summary of these techniques and examples of application in RCC research are provided in [Table 5](#t0025){ref-type="table"}, for more information see some recent reviews, e.g. [@bb1395], [@bb1400]. A selection of the most relevant imaging strategy (that is currently often a combination of multiple imaging techniques: 'multimodal imaging') must be chosen individually and closely linked to the specific aims of the study. Here, we shortly review imaging/quantification of various aspects of RCC tumors in preclinical models: monitoring RCC tumor growth, detection of metastases, vascularization, imaging/quantification of metabolic status of the tumors and molecular imaging.Table 5A summary of the major features of imaging modalities in preclinical RCC researchTable 5Imaging modalityMeans of detectionTracers/contrast agentsTypical special resolution, depth limitTargetTime of acquisitionCostReferences -- applications in preclinical RCC researchUSAcoustic wavesMicrobubbles50 μm, up to 3 cmAnatomical, physiologicalShortLow[@bb1405], [@bb1660]Optical imagingLightFluorochromes, fluorescent proteins1-5 mm, typically under 1 cmPhysiological, metabolic, molecularShortLow/moderate[@bb1665], [@bb1670]CTX-raysIodinated compounds50 μm, no limitAnatomical, physiologicalModerateModerate[@bb1405], [@bb1675]PETγ-raysRadioactive compounds (^18^F-,^64^Cu−, ^68^Ga−, ^11^C-, ^89^Zr-labelled)1-2 mm, no limitMetabolic, molecularLong/moderateHigh[@bb0950], [@bb1675], [@bb1680], [@bb1685], [@bb1690], [@bb1695]SPECTγ-raysRadioactive compounds (^99m^Tc-, ^111^In− or ^67^Ga-labelled)0.3-1 mm, no limitMetabolic, molecularLong/moderateHigh (lower than PET)[@bb1665], [@bb1670]MRIElectromagnetismParamagnetic compounds (chelated gadolinium, ferrite oxide nanoparticles); hyperpolarized tracers (e.g. hyperpolarized pyruvate)70-100 μm, no limitAnatomical, physiological, metabolic, molecular (with functionalized contrast agents)LongHigh[@bb1405], [@bb1485], [@bb1585], [@bb1700], [@bb1705][^4]

Measurement of Tumor Volume {#s0185}
---------------------------

Evaluation of tumor volume with calipers is still relatively widely used in preclinical RCC research. However, this approach has several limitations. First of all, it provides very inaccurate quantification of tumor volume, since typically it takes into account only two dimensions of the tumor. Moreover, this approach cannot be used for *in vivo* measurements of tumors that are not located subcutaneously.

More accurate *in vivo* evaluation of tumor volume can be performed with several imaging techniques. Recently, Linxweiler, Körbel [@bb1405] conducted a comparative study between high-resolution 3D ultrasonography, contrast-enhanced *in vivo* micro-CT and 9.4T small animal MRI for monitoring of RCC orthotopic xenografts in mice. Mean examination time in this study was around 5 minutes for high resolution US, 13 minutes for micro-CT and 38 minutes for MRI. It was shown that tumor volumes obtained with all these methods were in good correlation with each other and with results obtained *ex vivo*. One important issue is proper identification of the tumors and processing of the image data to quantify volumes. In the case of tumors that appear homogenous in tomographic images like CT or MRI and could be easily distinguished from surrounding tissues, application of automated/semi-automated volumetric evaluation (e.g. region growth algorithm) may be possible and it increases the efficiency of data processing.

Detection of Metastases {#s0190}
-----------------------

*In vivo* detection of metastases in animal RCC models is much more challenging than monitoring of primary tumors of known localization. Notably, the limitations that apply to imaging of metastases also apply to chemically induced RCC models and other models that develop tumors in localizations that are not precisely defined. The imaging strategy must provide enough spatial resolution and contrast to differentiate the metastases from healthy tissues. However, the need for seeking the lesions within the animal body implies usage of a large field of view and may affect spatial resolution and in consequence efficiency of metastasis detection. The efficiency may be also limited in the case of metastatic tumors that are localized in deeper regions of the body or close to tissues/organs or cavities that produce imaging modality-specific artifacts.

US enables fast and efficient examination of potential metastases with high spatial resolution. However, detection using this modality suffers from limited penetration of acoustic waves. Another important limitation is localization of metastases: visualization of metastases to lungs and bones seems not to be feasible [@bb1405]. However, visualization of metastases to lymph nodes or visceral organs like liver seems to be feasible with US [@bb1410], [@bb1415]. On the other hand, both micro-CT and MRI were shown to effectively visualize pulmonary metastases in the animal model of metastatic RCC [@bb1405].

Another attractive approach for metastasis detection is bioluminescence. However, it requires transfection of tumor cells with plasmids encoding luciferase and therefore is limited to animal models based on inoculation of immortalized cell lines. Additionally, bioluminescence/optical imaging provides only two-dimensional information on the luminescence intensity and therefore information on exact localization of the metastasis or its morphology is limited [@bb1420], [@bb1425].

PET is also a potentially attractive approach for detection of metastasis in RCC and RCC models. While clinical use of PET imaging is not currently recommended for routine diagnostic application in RCC [@bb1430], [@bb1435], [@bb1440], a meta-analysis by Wang et al. [@bb1445] indicates that PET could be useful for detection of metastasis in RCC patients. In preclinical application uptake of certain PET tracers in RCC tumors seems to depend on the model. The most commonly used PET tracer \[18F\]-fluorodeoxyglucose (FDG, \[18F\]FDG) failed to visualize SK-RC-52 tumors [@bb1450] but an increased FDG uptake was noted for 786-O xenografts (SUVmax \> 10) [@bb1455].

Microstructure {#s0195}
--------------

Diffusion-weighted imaging (DWI) provides information on the water molecule diffusivity in the tissue. This quantitative technique allows measurement of several parameters that describe diffusivity, in particular the apparent diffusion coefficient (ADC, expressed in mm^2^/s), a widely-used measure of tissue diffusivity. In the case of tumor imaging, low diffusivity (low ADC) may indicate increased cellular density and low water content in the extracellular space [@bb1460], [@bb1465]. ADC values in healthy renal parenchyma in humans were in a range of 2.5 to 3.4×10^−3^ mm^2^/s [@bb1470], [@bb1475], [@bb1480]. In all types of RCC, ADC values were lower in tumors than in healthy renal tissue, in a range of 1.4 to 1.8 ×10^−3^ mm^2^/s [@bb1470]. Moreover, some recent studies demonstrated that ADC measurement allowed differentiation between benign lesions, malignant tumors and histological subtypes of RCC suggesting ADC as an important biomarker in RCC [@bb1480]. It seems that monitoring of ADC may be used for tracking the response to therapy in animal studies, e.g. Jeon et al. [@bb1485] noted a significant increase of ADC 7 days after sorafenib treatment of xenograft RCC tumors (induced by injection of ACHN cells).

Another approach for assessment of changes in tumor microstructure is MR relaxometry, a technique that provides quantitative data on magnetic properties of the tissue. In contrast to standard imaging techniques (T1-weighted, T2-weighted, T2\*-weighted that are susceptible to various not fully controlled factors besides the 'real' relaxation time values) they actually measure the relaxation times and allow creation of relaxation time 'maps' (i.e. parametric images). Importantly, T1 or T2 time values can be directly compared and used for longitudinal evaluation of tumor growth or efficacy of therapeutic approach. T1 shortening in tumors is thought to indicate necrosis because of release of complexed paramagnetic ions from necrotic cells [@bb1490], in particular in response to chemotherapy [@bb1495]. On the other hand, T1 elongation may be a result of increased water content in the extracellular space and possibly correlate with elevated tumor interstitial pressure [@bb1500].

Metabolic Imaging {#s0200}
-----------------

Magnetic resonance spectroscopy allows assessment of the metabolic fingerprints of tumors *in vivo.* This is not in fact an imaging technique, although repeating the MRS experiment allows generation of maps of major metabolites. The number of RCC animal studies involving MRS techniques is limited. One reason for this is that acquiring high quality spectra in experimental animals of the tumors located in the abdomen is challenging, mostly because of motion artifacts and difficulties in shimming (i.e. maximizing of B0 magnetic field homogeneity that is crucial for obtaining of good MR spectra). The main expected peaks include:-Choline (also referred to as total choline, tCho, peak at 3.20 ppm) is in fact a sum of signals from trimethylamine groups in glycerylphosphocholine (GPC), phosphocholine (PC) and free choline (Cho). Choline compounds are present in healthy renal tissue since kidneys are involved in choline metabolism [@bb1505]. High tCho signal is regarded as a biomarker of elevated lipid membrane turnover and proliferation [@bb1510]. Furthermore, tCho is an established biomarker of malignancy, especially in breast cancer [@bb1515] and it was proposed as a biomarker of malignancy in RCC [@bb1520]. In human RCCs the tCho signal measured by MRS *in vivo* was shown to be elevated and correlated with aggressiveness of the tumors [@bb1525]. At higher field strengths these signals can be separated and quantified allowing calculation of GPC/PC ratio.-Lipids mostly form two peaks: Lip09 (at 0.9 ppm) and Lip13 (at 1.3 ppm). Presence of lipid droplets was demonstrated in RCC cells [@bb1530] and high MRS lipid signals were shown for RCC tumors [@bb1520].-Taurine. Taurine levels are low in healthy renal tissue [@bb1505]. Moreover, taurine quantification may be challenging due to partial overlap of the taurine peaks with signals of choline compounds, myo-inositol and glucose [@bb1535]. It was proposed that taurine could be a biomarker of apoptosis in gliomas and it was proposed as a biomarker for anti-cancer treatment efficiency [@bb1540]. However, its potential was not exploited in RCC. Importantly, taurine levels were found to be elevated in pRCC [@bb1505].

An emerging new technique for evaluation of tumor metabolism and metabolism in general is imaging based on hyperpolarized ^13^C-tracers. Advanced techniques based on dynamic nuclear polarization allow a substantial enhancement of the carbon signal in MRI and detection of the injected tracer. \[1-^13^C~1~\]pyruvate is currently the most promising metabolic tracer for this method. \[1-^13^C~1~\]pyruvate is avidly taken up by cells of most organs including brain and heart, where it is converted to \[1-^13^C~1~\]lactate, \[1-^13^C~1~\]alanine, and H^13^CO~3~^−^. Metabolic imaging with this approach has been performed in a variety of applications, including cancer diagnosis and monitoring of the therapeutic response, and cardiovascular pathologies [@bb1545], [@bb1550], [@bb1555], [@bb1560], [@bb1565], [@bb1570], including animal models of malignancies [@bb1575]. Recently, this approach was introduced into the RCC field. Sriram et al. [@bb1580] demonstrated on cultured slices of tumors derived from RCC patients (slices were cultured in MR-compatible bioreactors) that ccRCC tumors have significantly increased lactate production and elevated rapid lactate efflux compared to benign lesions. The same group demonstrated the feasibility of this approach in orthotopic xenograft models of RCC. They have shown that A498 xenografts had a higher ^13^C pyruvate-to-lactate conversion rate than 786-O and UOK262 tumors [@bb1585].

Humane Endpoints {#s0205}
================

In this section, we focus on humane endpoints in animal models of cancer, but the majority of the following indications have a general application. The Canadian Council on Animal Care (CCAC) guideline describes an endpoint as a point of time "that reduces animal pain and/or distress, while still satisfying the experimental design requirements for objective evaluation when animals are used in biomedical research, teaching and testing" [@bb1590]. Selection of the endpoint should relate to scientific outcomes and take animal welfare into account. Setting humane endpoints, monitoring and criteria of intervention should be determined before studies on animals, when researchers plan experiments [@bb1595], [@bb1600]. An endpoint matrix can be helpful in assessment of endpoints. This tool divides humane endpoints into three groups: scientific, justifiable and unpredicted. A scientific endpoint is a moment when scientific goals are achieved, all experimental data is collected, so the experiment can be finished. There is no need to develop the next stages of disease, especially if this is connected with animal suffering. A justifiable endpoint refers to the end of an experiment which could be reached when possible benefits are larger than the permissible maximum level of animal suffering. An unpredicted endpoint applies to the appearance of unexpected animal suffering. It needs intervention without looking at scientific or justified endpoints. Animals should not to be exposed to additional unexpected suffering, except justified suffering assumed in the experimental procedure [@bb1605]. There are several clinical signs which need immediate intervention (i.e. termination of animal life): when animals stop drinking or eating during 24 to 48 hours, persistent hypothermia, hind-limb paralysis, rapid loss of body weight, bloodstained discharge, labored respiration, significant abdominal distension, incontinence and diarrhea longer than 48h, skin breakdown or exudation longer than 48 h, large necrosis, inability to move and maintain an upright position, unconsciousness [@bb1595], [@bb1610].

Assessment of pain, distress and discomfort of animals could be based on evaluation of several factors, such as: bodyweight, physical appearance, measurable clinical signs (e.g. heart or respiratory rate), behavioral reactions. They were precisely described by Morton and Griffiths [@bb1615]. Observation and evaluation of the animal condition can be supported by appropriate checklists. They contain a set of factors and the scale of assessment assigned to these factors, depending on their severity and size. The use of checklists helps set endpoints and track changes that occur in the appearance and behavior of animals. Examples of factors to be considered may be found in CCAC [@bb1590]. Checklists were also used in studies on breast and bladder cancer models. The authors evaluated using a scale the biological parameters of each animal, such as: body weight and condition, food and water intake, mental status, coat and grooming, eyes, ears, whiskers, skin and mucosa, posture, response to manipulation or external stimuli, breathing, heart rate, hydration status, body temperature, urine color and volume, hematocrit, tumor location and burden, ulceration [@bb1620], [@bb1625].

Development of tumors in sites like the eye, brain, muscle, footpad or tail may require special monitoring and probably establishing an early endpoint, because these sites could be painful and distressing to animals [@bb1595], [@bb1600]. Early endpoints could be used in therapeutic studies when results are statistically significant and there is no need to maintain the tumor in the animal [@bb1630]. Early endpoints could also be adopted in studies when developed tumors are the source of cells for further research (*in vitro* cell line establishment, molecular characterization and transplantation) [@bb1595].

Endpoints for animals developing cachexia (MAC 16 mouse colonic adenocarcinoma or Leydig cell rat tumor) are connected with emaciation and loss of weight (maximum 20% to 25% weight loss compared to the beginning of the experiment) [@bb1600], [@bb1635], [@bb1640].

Cancer in the hematopoietic or lymphatic system gives anemia, enlargement of the spleen or lymph nodes. To identify endpoints in these types of cancer, researchers should pay attention to symptoms such as steady weight loss, behavioral changes or use diagnostic techniques such as imaging or simple palpation [@bb1600].

If a tumor develops s.c., it is important to measure tumor size systematically. This helps in determining the endpoints and can be easily done by caliper. The mean diameter of a tumor should not be wider than 1.2 cm (1.5 cm for therapeutic studies) in mice and 2.5 (2.8) cm in rats, respectively. Measuring tumors could be better than only weighing animals (they could lose weight during tumorigenesis). Some tumor models result in quick unpredictable death, so systematically collecting data of tumor behavior could be better than simple assessment at the end of the experiment.

Ulceration may occur in several cases in tumors developed s.c. or inoculated into the dermis, when tumors develop on the ventral surface, when the injected tumor cell line predisposes to ulceration, and in some tumor types (e.g. papillomas). If this happens, termination of the experiment can be considered. Although ulceration compromises the well-being of animals, it has an influence on the reliability of the experiment. It alters tumor growth, may result in continuous loss of body fluid or increase the risk of infection. When ulceration is necessary and unavoidable, animal condition should be assessed daily [@bb1600].

Induction of internal tumors due to growth and metastasis may be difficult to monitor. However, it could be done by application of magnetic resonance or bioluminescence imaging. Bioluminescent imaging facilitated monitoring of tumor growth and metastatic spread in an orthotopic kidney tumor model in immunocompetent ACI rats [@bb0850]. Circulation of cancer cells could be evaluated by molecular identification of tumor biomarkers or the presence of viral or human DNA [@bb1600].

The death of an animal should not be defined as an endpoint, but surgical excision and weighing of tumors are made at the end of the study [@bb1595], [@bb1600]. Pilot studies with necropsy will be helpful to assess endpoints. This solution could give a wider knowledge of a particular type of tumor, especially with unknown pathogenesis [@bb1595].

Conclusions {#s0210}
===========

As discussed above, a variety of animal cancer models is now available ([Table 6](#t0030){ref-type="table"}), each of them has certain strengths and weaknesses ([Table 2](#t0010){ref-type="table"}). When planning a study, it is of utmost importance to consider the characteristics of available animal models, the type of conducted research ([Figure 1](#f0005){ref-type="fig"}) and the mechanisms of action of the studied drug to ensure that the chosen model is fit-for-purpose ([Table 7](#t0035){ref-type="table"}).Table 6Classification of animal models of RCC based on the histology of the renal tumorTable 6ccRCCpRCCchRCCOther/unclassified**Syngeneic model**Nihon ratNDND- RENCA model\
- Eker rat**GEM models**- Vhl^Δ/Δ^Pbrm1^Δ/Δ^ mice\
- Vhl^Δ/Δ^Bap1^Δ/Δ^ mice\
- Vhl^Δ/Δ^Trp53^Δ/Δ^Rb1^Δ/Δ^ mice\
- Myc overexpression with Vhl and Ink/Arf (CDKN2A) knock-out (VIM model)- Myc overexpression\
- FLCN gene knock-out- FLCN gene knock-out- FLCN gene knock-out\
- TFEB overexpression\
- TRACK model**Chemically-induced models**NDNDNDAll models**CDX**- Caki-1\
- 786-O\
- 769-P\
- RCC4- ACHN\
- Caki-2\
- SKRC39ND- A498**PDX**Depending on the donor[^5]Table 7Possible animal models to study different drug typesTable 7Tested drug typeAnimal model of choiceCytotoxic chemotherapySyngeneic modelPDXCDXGEMChemically-induced modelMolecular-targeted agentsSyngeneic modelPDXCDXGEMChemically-induced modelImmunotherapy (cancer vaccines, check-point inhibitors, adoptive cell therapies)Syngeneic modelGEM (possibly incorporating human MHC)Humanized tumor model In immunodeficient mice[^6]

Historically, the first group of drugs tested in animal models of RCC were chemotherapeutic agents, used either as monotherapies or adjunctive treatments. Firstly chemotherapeutics were tested in the 1970s in RENCA and Wistar--Lewis rat renal adenocarcinoma syngeneic models [@bb0190]. Owing to RCC resistance to chemotherapeutic drugs and development of novel targeted therapies, preclinical research of chemotherapeutics has lost its importance. However, all of the above-mentioned types of mouse models seem to be good choices for testing this group of drugs. Cytotoxic drugs that act through cell mitosis and division inhibition act independently of immune status, microenvironment context or the tumor implantation method.

Later on, in the 1980s, IFN and IL-2 chemoimmunotherapy was tested in the RENCA syngeneic model [@bb0070]. Before the era of antiangiogenic drugs, cytokines (IL-2 and IFN) were used for the treatment of RCC as immunomodulating drugs. With the introduction of targeted therapies, IFNs have lost their importance in RCC treatment, however, novel immune-related drugs i.e. checkpoint inhibitors are currently being introduced into clinical practice. Immunotherapy drugs act through modulation of the immune system of the host. Therefore, models that require immunodeficiency in order to induce tumorigenesis (cell line-derived xenografts, patient-derived xenografts) are not suitable for this type of research. In the era of immunotherapy in oncology, syngeneic models, one of the oldest and most commonly used animal models, have been reintroduced to preclinical research. Thanks to their ease of use, reproducibility and immunocompetence they serve as an adequate model for study of the immune response. However, due to their lack of tumor heterogeneity and lack of native tumor microenvironment, other models have to be considered when studying the immune response. Humanized animal models and GEMs, that more accurately reflect the tumor microenvironment may serve as valuable tools for preclinical research of immunotherapies. Therefore, models which enable testing of this type of drugs include: syngeneic models, GEM models and humanized models ([Table 7](#t0035){ref-type="table"}) [@bb1645], [@bb1650].

The discovery of the role of VEGF and its receptor (VEGFR) in RCC and establishment of anti-VEGFR targeted therapy have radically changed the landscape of therapeutic options and improved prognosis for patients with RCC. Moreover, discovery of dysregulation of the mammalian target of rapamycin (mTOR) signaling pathway and development of mTOR inhibitors was another step towards effective treatment of RCC. Generally, all the mouse models described above can be used for testing this group of drugs, however, the choice of a particular animal model depends on the characteristics of the study. When studying the impact of a targeted drug in a syngeneic or GEM model it must be remembered that the molecular pathways involved in animal carcinogenesis may differ from those observed in humans, which may influence study results and applicability to human cancer pathophysiology. Cell line-derived xenografts do not have this limitation, however, they have failed to predict efficacy for most targeted drugs in humans [@bb1655], with a low approval rate by the FDA [@bb0050]. On the other hand, no other animal model offers better results in terms of drug development.

PDX models develop tumors with more resemblance to human cancers, which has contributed to the increase in their application in preclinical research in the last years, especially for molecular-targeted drugs. Tumors in PDX models preserve the stromal composition as well as histological and molecular heterogeneity characteristic of those in patients. Therefore, PDX models allow direct evaluation of the activities of human-specific drugs, such as antibodies or molecular-targeted drugs and identification of accurate personalized therapy regimens for cancer patients [@bb1175]. However, it must be remembered that human stromal elements are present for only 2--3 passages, since mouse stromal components become dominant later on.

As mentioned above, PDX models can be a useful tool for preclinical research, however, due to immunodeficiency they are not suitable for testing of immunotherapeutics. The use of syngeneic mouse models with a murine immune system is also limiting, since they fail to accurately resemble the human immune system. The so-called humanized PDX are mouse models with a fully competent human immune system. They are created by engraftment of various types of human cells i.e. leukocytes or human CD34+ hematopoietic stem cells followed by implantation of fresh human tumor cells [@bb1275]. Therefore, humanized PDX models are one of the best approaches to immunotherapeutic drug testing and represent a promising tool in RCC research.

In the last few years, unconventional animal models such as such zebrafish or canine models gained recognition in the scientific community. Due to shared characteristics and similarities with human carcinomas, they seem to be a promising tool in cancer research but for the moment their utility in RCC research is limited by shortage of high-quality evidence.

Due to histological diversity of renal tumors, certain subtypes are underrepresented in preclinical research and lack an adequate animal model ([Table 1](#t0005){ref-type="table"}, [Table 6](#t0030){ref-type="table"}). Most research on animal models concentrates on ccRCC with only single studies related to papillary, chromophobe or rarer subtypes. This is the key challenge for future research. Establishing of adequate models resembling distinct subtypes of renal tumors may lead to better understanding of its pathophysiology and development of therapies that will revolutionize cancer treatment in the future.
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[^1]: CDX, cell-derived xenograft; GEM, genetically engineered mice; PDX, patient-derived xenograft; RCC, renal cell carcinoma.

[^2]: PDX models can be possible to obtain for every kind of tumor but in the table we summarize published and available results.

[^3]: ccRCC, clear cell renal cell carcinoma; chRCC, chromophobe renal cell carcinoma; pRCC, papillary renal cell carcinoma; NA, not applicable.

[^4]: CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission tomography; RCC, renal cell carcinoma; SPECT, single-photon emission computed tomography; US, ultrasound.

[^5]: ccRCC, clear cell renal cell carcinoma; CDX, cell-derived xenograft; chRCC, chromophobe renal cell carcinoma; GEM, genetically engineered mice; ND, no data; PDX, patient-derived xenograft; pRCC, papillary renal cell carcinoma.

[^6]: CDX, cell-derived xenograft; GEM, genetically engineered mice; PDX, patient-derived xenograft.
